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Abstract
Abstract.
An investigation into the mechanism of fouling associated with the crossflow 
microfiltration of a model beer is proposed. This requires the development of a 
suitably representative model beer composed of dextrin, glucose, Bovine Serum 
Albumin (protein) and ethanol. Due to membrane cleaning limitations, the model 
beer solution operates at a one tenth concentration of the real product. Although 
other investigations have used model beers, this research is unique in the fact that it 
uses a carbohydrate based model beer to study the process of fouling when 
crossflowed through a reusable ceramic membrane.
Since the parameter of concentration has become fixed, the effects of varying 
transmembrane pressure and crossflow velocity have been assessed. This was 
achieved through recording the flux decline and the quantitative results of permeate 
and retentate stream composition. Through data manipulation, the component 
retention in the retentate was calculated and a material balance produced to evaluate 
the amount of unaccounted for components. From these results, inferences will be 
made regarding the composition and behaviour of the membrane-fouling layer. This 
work will be verified by visualisation of the fouling membrane surfaces.
The objectives of this research have been met; a successful model beer has 
been developed and the effects of crossflow filtration associated fouling investigated. 
The membrane foulant was visualised over set time periods using scanning electron 
microscopy. It was found that as the transmembrane pressure or crossflow velocity 
increased, the composition of the membrane foulant altered with protein 
predominating over dextrin. The development o f this fouling layer prevented 
component passage which leads to component retention within the retentate. 
Visualisation of the early stages of fouling showed the membrane being covered in a 
gel-like layer, however, the pores remained uncovered. Over time, the gel fouling 
grows over the pores and a complete fouling layer results, actively reducing the flux 
and component permeation though the membrane.
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Introduction
Chapter 1. Introduction.
Beer has been produced since ancient times; pictures of its production can be 
seen on the walls of the Egyptian pyramids. It is made through the simple process of 
fermenting malted eereals with yeast. The fundamental production techniques have 
changed very little since then. The only major difference being that the liquor now 
requires clarifieation prior to consumption.
Recent advanees in filtration technology have large implications for 
modernising the brewing industry. The work in this dissertation focuses upon the 
identification of the fouling mechanisms associated with the crossflow filtration of 
the model beer. The results found with this model beer can be transposed to the 
membrane filtration of beer and attempts made to reduce the impact of fouling.
The current method of removing undesirable material from beer is by passage 
through a kieselguhr filter. The kieselguhr acts as a depth filter, essentially removing 
yeast cells and haze developing components from the beer. However, the drawbacks 
of using this material are that it is a finite natural resource, it cannot be efficiently 
reeycled and its disposal is expensive due to increasing landfill taxes (Taylor 1998, 
Griffin 2000). The handling of powdered kieselguhr also poses a health risk since it 
is thought to be a carcinogen (Taylor 1998, Griffin 20000, Van Hoof 2000). The 
crossflow filtration system is seen as a potential one step clarification process 
replacement for the current kieselguhr filters.
Crossflow filtration is a method of selective separation that is achieved 
through a high fluid circulation rate tangential to the filter medium in order to 
minimise the accumulation of particles to the filter surface (Perry 1973). The 
crossflow filtration system has the advantage of being reusable, with the potential for 
one step beer sterilisation. The main problem with crossflow filtration is that fouling 
is an innate feature of this process. Crossflow filtration membranes can exhibit flux 
decline when exposed to the passage of water over a prolonged period o f time. 
However, an understanding of the fouling mechanisms experienced during crossflow 
filtration would allow the system to be operated under optimum conditions, 
producing an energy efficient high flux with little fouling.
There has been little published work on the local phenomenology of 
membrane - solute interactions involved in the crossflow microfiltration of beer
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(F&S 1997). This is simply because of the complexity of beer. Due to the character 
of beer ingredients, natural variation with every batch produced is expected. Figure
1.1. shows an example of the typical components and quantities found in a post 
filtration pilsen beer (pure malt).
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Figure 1.1. Lager composition data (Moll 1991).
The component concentrations are shown in Figure 1.1. on a logarithmic
scale.
In Figure 1.1, the fermentation products column relates to substances grouped 
under the title of secondary fermentation products. From the graph it is clear that the 
most abundant group of beer components are the complex collection of total 
carbohydrates.
Crossflow teehnology is already employed by some breweries to clarify tank 
bottoms. This is a successful implementation because the excessive amount of yeast 
present helps to protect the membrane from direct fouling and assists in the filtration 
process. However, in the absence of yeast cells, crossflow filtration is not as efficient 
at producing a financially viable flux. Therefore industry requires more research to 
be conducted before supporting the application o f this technology.
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Because beer is a complex product, it was considered necessary to construct a 
model beer whose behaviour would mimic the filtration of beer. This model solution 
could be used to identify the fate of components under a set of specific conditions. 
The model solution could then be gradually increased in complexity to allow 
investigation into the fouling nature of the various components and their interactions 
with a specific membrane type over a range of varying parameters. The model beer 
produced for this work mimicked post centrifugation beer where the yeast had been 
removed.
Other researchers have conducted investigations into membrane filtration 
with model beer (Eagles 1997, 1998, 2000, Meier 1995) using virgin organic 
membranes for each individual experiment. Stopka (1999, 2000) conducted 
crossflow experiments using filtered beer with added fouling components and 
ceramic membranes. The experimental work undertaken for this dissertation re - used 
a mineral membrane in an attempt to mimic proposed industrial practises.
The identification of the fouling components has come from experimental 
work with beer, enzymes and biochemical analysis. The results indicated that 
carbohydrate species such as beta glucans and starch molecules affect performance. 
The other components primarily responsible for membrane fouling and haze forming 
were proposed to include pentosans and dextrins (O’Shaughnessy 1997). Therefore 
the majority of the previous research has been conducted in this area. If the fouling 
mechanism of beer can be understood, the filtration process can be optimised to run 
at maximum production with the least costs.
The work presented in this dissertation concerns the crossflow filtration o f a 
model beer. This will allow an investigation to be conducted into the fouling 
mechanisms associated with this specific filtration method. Therefore, the main 
objectives of this project were;
• The production of a model beer to emulate the fouling method of pilsen beer 
undergoing crossflow filtration.
This investigation follows on from the work initiated by Lake (1996). To further the 
research and to make a more realistic model beer, the initial solution was 
earbohydrate based, to which the other components were gradually added to develop 
a suitable model beer.
The crossflow filtration membranes were cleaned and reused for successive 
experiments.
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The study of the fouling effects on the crossflow filtration with the variation of 
concentration, transmembrane pressure and crossflow velocity.
The only experimental constant was the working temperature of 20 °C, 
continuing from the work of Lake (1996).
The visualisation of the model beer fouling mechanism using a scanning electron 
microscope.
The quantification of the model beer regarding retentate, permeate and masses 
unaccounted for by analysis (presumed fouling).
The hypothesis of the fouling mechanisms associated with model beer filtration.
Literature Review
Chapter 2. A Review of the Literature.
2.1 Introduction.
The use of membranes in the process of separation originated in 1855, when 
Fiek used an artificial membrane in the process of dialysis (Ferry 1935). From then, 
researeh and development into this area has developed rapidly. Today, membranes 
are produced exclusively for a specific process instead of using a generic 
membrane. This progress in membrane technology has led to the production of 
organic and inorganic membranes with a range of pore size classifications and 
hydrodynamic contact, enabling the equipment to be used in many applications 
world-wide.
The main area of interest within this dissertation is the application of 
filtration within the brewing industry. In particular the suitability o f crossflow 
membranes in the process of beer filtration and kieselguhr replacement. This 
research was first initiated in the early 1980’s (Gir 1992). The potential application 
of crossflow filtration in the clarification and sterilisation of beer has been an area 
of great research (Blanpain 1993, Blanpain-Avet 1999a, 1999b, 1999c, Bühler 
1993, Burrell 1994, 1994a, 1994b, Czech 1995, Fillaudeau 1998, 1999, 1999a, Gan 
1995, 1997, Gill 1994, Van Hoof 2000, Noordman 1999, O’Reilly 1987, 
O’Shaughnessy 1997, Reed 1989b, Stopka 1999, Taylor 1999, 2001).
This chapter is a review of the literature concerning crossflow filtration and its 
applications with specific reference to the use within the brewing industry. This review will 
consist of i) an introduction to the subject of membrane filtration with an explanation of 
crossflow filtration, ii) its application to industry and membrane specifics; the use of 
crossflow technology within the food and beverage industry, with a detailed look at the 
brewing industry; Hi) the production of beer and its filtration; including the components of 
beer; the filtration of model beers and iv) current membrane visualisation techniques. The 
chapter closes with the concluding comment that could be drawn from this review. Further 
detailed discussion of the literature relevant to the subject matter is contained within the 
body of the dissertation.
2.2 Filtration.
The process of filtration is defined as a solid / liquid separation process. In 
the case of membrane filtration, this is achieved by the membrane acting as a
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physical barrier. There are two forms of membrane filtration - dead end and 
crossflow filtration. The process o f dead end filtration uses a high fluid flow 
directed perpendicular to the membrane filter. This constant liquid pressure will in 
time lead to a decrease in filtration flux as a direct result of the growing filter cake 
increasing flow resistance (Perry 1973), whilst crossflow filtration circulates the 
fluid tangentially to the membrane surface. Studies show that as a basis for 
comparison, a crossflow microfilter is a more effective method of separation by two 
orders of magnitude than dead end filtration (Belleville 1992).
Crossflow filtration has several advantages over dead end filtration. These 
include the fact that particle accumulation at the filter surface is minimised, which 
causes a reduction in surface deposition, allowing higher filtration rates (Perry 
1973). The addition to the filtering solution o f feed additives such as flocculents and 
filter aids are no longer required. However, the main disadvantage experienced with 
crossflow filtration is the additional energy requirement to allow continuous 
pumping of the solution over the membrane (Perry 1973).
There are three main generic applications of crossflow filtration (Chin Jen Tien 
199^L
The purification of a solvent by solute removal (e.g. desalination)
The concentration of the solute by solvent removal (e.g. concentration of 
polluting agents)
The separation of different solutes by fractionation through a membrane 
(e.g. the removal of a specific protein from a fermentation broth)
Typically, crossflow microfiltration is an athermal process, involving no 
phase change or chemical agents (Zydney 1986). As membranes are produced from 
a diverse range of materials and pore sizes they are employed across a wide cross 
section of industries. For example, in the water industry for desalination, recycling 
(Michael 1968, Singh 1996) and the cleaning of industrial wastewater contaminated 
with materials such as radioactivity, oil, paper, solvents, or paints (de Filippi 1970, 
Lonsdale 1982, Keizer 1996, Singh 1996, Tech — Sep 1996) in the food and 
beverage industry (de Filippi 1970, Belleville 1992, Chin Jen Tien 1992, Keizer 
1996, Singh 1996) and the medical and pharmaceutical industries (de Filippi 1970, 
Lonsdale 1982, Keizer 1996, Singh 1996).
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As a result of the range of pore sizes, membrane filters have a large range of 
potential filtering applications. A comparison between the various filter 
designations is made in Table 2.1.
Table 2.1. The filtration spectrum (Tech -  Sep 1996).
Pore Size Pore Size (pm) Examples of retention
Microfiltration 1 0 -0 .1  pm yeast, bacteria, colloids
Ultrafiltration 0 .1 -0 .001  pm viruses, organic compounds
Reverse Osmosis 0.001 — 0.0001 pm dissolved salts
The process of microfiltration, used within this work uses the size of the 
solutes to enable separation through a ‘sieving action’ with a pressure difference 
acting as the driving force (van den Berg 1988). It is usual that during filtration the 
smaller molecules can pass through whilst those in the approximate colloid and 
particle size range of 0.1 to 20 mm are retained on the membrane surface or within 
the membrane obstructing the passage of flux. The process of microfiltration usually 
occurs at relatively low transmembrane pressures, an example being a 
transmembrane pressure of 3.4 bar which creates a high permeation flux of 
between 10 -  10 m s'  ^ for unfouled membranes (Belfort 1994). The highest
working pressure of 2.5 bar on the membrane used for this work produces a clean 
water flux of 1.9 m s '\
2.3 Membranes.
The individual design of the membrane predisposes towards the membrane 
performance. This includes the differences in surface porosity, pore sizes and 
distribution (Suki 1984). The physical design also impacts on the hydrodynamic 
implications of the system, and the potential for interactions between the proposed 
solute and the membrane (Musale 1996).
The first synthetic membrane was produced by Zsigmondy (1922) and was 
patented in 1922. It was cast from cellulose nitrate and cellulose acetate. 
Contemporary membranes are now available in a wide range of organic and 
inorganic materials, each possessing different properties. Organic membranes can 
undergo modification of the existing surface to induce flux increases (Mueller 1996)
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but have a reduced tolerance to operating under low temperatures, whilst inorganic 
membranes are chemically resistant and can be exposed to high temperatures 
(Bowen 1990).
2.4. Factors affecting membrane performance.
During the process of filtration fouling will always occur. The usual 
manifestation of this development is the limitation of the flux. The characteristics of 
the solution being filtered, together with the membrane and the system , 
hydrodynamics will determine the method of fouling. The major mechanisms of 
fouling themselves can be broadly classified into either concentration polarisation or 
membrane fouling. These processes are not completely independent of each other, 
since fouling can result from concentration polarisation. The main difference 
between the two is that concentration polarisation is a reversible condition, which 
means that the original flux can be restored after membrane cleaning. Whilst fouling 
is defined as a long-term irreversible deposition (Noble 1995) which detrimentally 
affects the flux even after cleaning. Both these processes can occur whether the 
solution being filtered contains macromolecules or particles.
2.4.1. Concentration polarisation.
Concentration polarisation is the reversible build up of dissolved or 
suspended solutes in the solvent phase near the membrane - solution interface. This 
is a result of a balance between the ‘convective drag’ towards and through the 
membrane, and the back transport away from the membrane (Belfort 1994). The 
presence of concentration polarisation is usually manifested as a reduced 
permeation flux causing an increase in the osmotic pressure across the membrane, 
thus causing a reduction in the effective transmembrane pressure driving force 
(Belfort 1994). Concentration polarisation is also referred to as the bulk mass 
transfer phenomenon (Sakena 1997).
All membrane separation processes inherently suffer from the condition of 
concentration polarisation, providing the membrane shows differing permeability 
for the solution components (Song 1995). This phenomenon is a direct result o f the 
separation process and cannot be completely prevented (Michael 1968). Therefore, 
the future of filtration lies with the production of membranes where the impact o f 
concentration polarisation is minimal (Noble 1995). Through the manipulation of
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concentration, pressure, and shear it is possible to gain reasonable control over the 
concentration polarisation process (de Filippi 1970). Although a polarisation layer 
will still form, it will be more labile and can easily respond to any changes in 
convection (Iritani 1991). The design of the membrane filter can also be used to 
control the effects of concentration polarisation by simply decreasing the channel 
height and length or by increasing inlet velocity (Sakena 1997).
The solute flow to the membrane surface due to convection flow will be 
balanced by the solute flux through the membrane plus the diffusive flow away 
from the membrane and back to the bulk (Mulder 1995).
Figure 2.1. illustrates visually the process of concentration polarisation. The 
polarisation mantle occurs within the thin layer of laminar flow (Song 1995) 
adjacent to the membrane, this being termed the boundary layer. This laminar layer 
is found present in even the most turbulent bulk flows, although as turbulence 
increases the layer becomes thinner.
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Figure 2.1. A diagrammatic representation of steady - state concentration
polarisation.
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Literature Review
Concentration polarisation is a fast but not instantaneous process, as it 
requires an increasing concentration close to the membrane to develop. In the case 
of protein ultrafiltration, the possible pre-cursive conditions to concentration 
polarisation include convective pore deposition, water fouling, surface deposition, 
and monolayer adsorption (Mulder 1996).
For rigid long chain, high molecular weight material such as 
polysaccharides, gelation near the membrane may occur at concentrations well 
below 1 percent since these molecules have larger particle dimensions and lower 
diffusivities (Porter 1972). In contrast proteins can be concentrated to 10 - 30 
percent by weight before gelation occurs (Sakena 1997).
2.4.2. Fouling.
Filtration membranes are susceptible to fouling, defined as the long-term 
irreversible deposition of retained particles, colloids, macromolecules, and salts. 
This can occur at the membrane surface or inside the membrane at the pore wall, 
resulting in a continuous flux decline (Noble 1995).
Initially, it is difficult to separate the individual effects of concentration 
polarisation and fouling, although it is thought that fouling will become the more 
dominant flux reducing process over time (Mulder 1996), see Figure 2.2.
F Concentration
Polarisation
u
X Fouling
Time
Figure 2.2. Flux as a function of time (Mulder 1996).
Irreversible fouling is defined as the deposit that remains when the 
hydrostatic driving force is removed (Jowitt 1997). This type of fouling can occur in 
macromolecular systems (Saunders 1991, Davis 1992, Kim 1992) with fouling 
being associated with surface adhesion (Saunders 1991) and equated to the constant
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pressure blocking laws (Porter 1972). Macromolecules can even establish cake 
formations (Saunders 1991, Kim 1992). When the macromolecules in solution enter 
the membrane module they can take one of several paths illustrated in Figure 2.3.
Membrane Module
Tangential Flow
Pass out of module
Convection 
1
adsorb to / deposit in pores /  act as individuals in a '  Cake 
(internal or surface) j  concentration polarisation
layer
Membrane y
Pass through membrane (If small or act quickly)
Figure 2.3. The possible paths for macromolecules associated with flow past a 
membrane (Chen 1997).
If the macromolecule is convected towards the membrane, it can be deposited and / 
or adsorbed onto the membrane surface. This proposed behaviour could be 
accounted for by the constant pressure blocking laws. For further explanations of 
these laws, see Appendix 1.
Although usually associated with particulate fouling the constant pressure 
laws have also been applied to the microfiltration of protein solutions (Iritani 1995) 
and have been used to produce non ambiguous interpretations of complex 
phenomena of solutions such as beer which contain both colloidal and particulate 
fractions (Blanpain 1997).
The constant pressure blocking laws differ from concentration polarisation 
because the associated mechanisms only relate to the mechanical fouling of 
macromolecules / particles with the membrane, these interaction are seen to occur 
with individual pores instead of over the large sections of membrane (Hlavacek 
1993).
At the start of filtration with a clean membrane, the only resistance 
encountered by the flow is that of the membrane. In a particulate system, any 
material unable to pass through the membrane will begin to accumulate and start to
11
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form a cake layer. The cake layer demonstrates a reversible behaviour when 
pressure is released (Wakeman 1994). As this layer grows, the permeate flux is 
decreased. The growth will however become limited by the shear rate. In time 
equilibrium will be reached, balancing the convection rate with the removal of 
particles from the surface (Belfort 1994). The methods of back transporting particles 
away from the fouling layer include the processes of Brownian diffusion, shear. 
enhanced diffusion and inertial lift (Belfort 1994, Mulder 1995). Particles can also 
be removed from the membrane surface in a flowing cake layer, termed the surface 
transport model (Belfort 1994). The presence of a boundary layer composed of 
moving particles will themselves impede further transport towards the membrane 
(Sherman 1993). These methods of back transport are equally applicable to 
concentration polarisation.
The forces between individual particles and between the particles and the 
membrane are critical in determining the cake stability (Belfort 1994). Surface 
deposition depends on the hydrodynamic forces in the immediate vicinity of the 
membrane. If the membrane is exposed to high filtration rates, a wide range of 
particle sizes will be deposited. Whereas, low filtration rates cause smaller particles 
to be deposited. The forces of particle adhesion include van der Waals forces and 
electrostatic interactions (Altmann 1997). Crossflow filtration creates a more open, 
permeable deposit which has a tendency to easily deform under pressure (Yazen 
1995).
The mechanisms that cause reductions in the permeate flux are very complex 
and so it is difficult to differentiate between them. Therefore, a detailed knowledge 
of the solution being filtered would be very beneficial.
2.5. Uses of crossflow technology in the food / beverage industry.
The technology of crossflow filtration is already used within beverage and 
food production processes. Flavour in these products is very important; to interfere 
with these components will lead to an undesirable change in the characteristics of 
the product. Therefore only limited alterations can be undertaken to increase the in 
permeate flux of the product.
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The popularity of crossflow technology in these industries is due to the fact 
that it can perform the tasks of filtration and sterilisation within a single step, whilst 
also increasing the ease of foulant concentration and disposal.
Filtration is an important process in the clarification of solutions, as hazes 
occur in a range o f beverage products such as beer, wine and fruit juices. Therefore, 
filtration is an important process required to promote the shelf life of the product 
(Siebert 1996).
Membrane technology is used in the fruit juice industry to assist with the 
processes of clarification, concentration, and de-acidification (Noble 1995). 
Commercially produced crossflow systems are available with either microfiltration 
or ultrafiltration membranes to promote the clarification and stabilisation of the fruit 
juice (SCHENK). To assist in economically optimising the use of crossflow 
ultrafiltration, some fruit juices such as mango and acerola juice require the addition 
of enzymatic treatments (Matta 1999, Rosa 1999). Crossflow microfiltration 
technology is available for use within the wine industry. It provides a clarified wine 
without the need for filter media. SCHENK have produced filtration systems, which 
utilise polysulphone membranes with a pore size of 0.2 pm to guarantee the cold 
sterile treatment of wine (SCHENK).
However, it has been found that the microfiltration of wine can be limited by 
the presence of fouling colloids (Belleville 1992), and that the filtration process can 
affect the tartaric stability of a wine (Goncalves 1999). The differences between the 
different types of wine, as experienced in the case of beers, requires an individual 
approach to ascertain the most appropriate economic crossflow conditions for each 
type of wine filtered by this method (Jaffrin 1993).
Crossflow membranes can be used to exploit the wine wastes and extract 
complex phenols and tanins. These products are now finding their way into medical 
research as a result of their antioxident properties (Santamaria 1999).
Other fermentation-based products are also being clarified through the use of 
crossflow filtration. The filtration of soy sauce through microfiltration membranes, 
although found to produce a lower flux compared with traditional methods may still 
be utilised because the simplicity, and the high sterile product quality the 
teclmology imparts (Chin Jen Tien 1992). The commercial production of vinegar is 
now also being filtered through crossflow technologies, with the example o f the
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working ultrafiltration plant at Hazelwood Manor Brewery of Bumtwood (Skelton 
2000).
The dairy industry has been using crossflow technology successfully for 
many processes including the sterilisation of whey (Gesan 1995) and milk protein 
standardisation by ultrafiltration for Cheddar cheese manufacture (Guinee 1996).
The use of a membrane wastewater treatment system can be a major 
economic and environmental asset to a company within the food or brewing 
industry. Examples of businesses already benefiting from these processes include 
the treatment of brewery waste waters for recycling or prior to discharge, and the 
concentration of acid / alkali wash downs from margarine producing equipment 
(Skelton 2000).
2.6. Crossflow technology employed in the brewing industry.
If the beer producing system were simplified to remove the downstream 
processes of the fermentor, pasteuriser, bottom collection and filtration systems, it 
would reduce beer losses and in turn increase profits (Reed 1989).
The implementation of crossflow filtration systems have been investigated 
in connection with the processes o f mash separation, extract recovery from loose 
trub extractions, the recovery of beer from tank bottoms and the clarification of 
rough beer to a sterile standard (Ryder 1988, Bühler 1993, Fillaudeau 1999). 
However, at the present time, crossflow microfiltration has only been industrially 
applied to the filtration of tank bottoms in the brewery industry. The filtration of 
tank bottoms is proposed as an economic advantage since it permits the recovery of 
a high quality beer in addition to the concentration of the yeast solution. Heineken 
have also applied the process of crossflow ultrafiltration to the area of yeast surplus 
and tank sediment filtration (Blijham 1985). Although ultrafiltration produced lower 
gravities, colour and head retention (Cantrell 1985).
The desirable features associated with the filtration of tank bottoms include 
the recovery of a high quality beer, the production of a consistent total solids of 
saleable yeast, the use of minimal process steps up to blending, and the ability to 
operate to a maximum retentate solids loading of 20 %, all ideally within the 
temperature range of 0-1 °C (Ryder 1988, Fillaudeau 1999). Crossflow technologies 
have been implemented in the Furstenberg Brewery, Donaueschingen, Germany
14
Literature Review
which recover beer from surplus yeast and cold tank bottoms using a Filtrox 
crossflow plant (Gir 1992). Whilst the Dortmunder Actien-Brauerei, Dortmund, 
Germany use Schenk tangential flow filtration plants for filtering beer from spent 
yeast (Schlenker 1994, SCHENK). These membranes produce excellent recoveries 
of the original extract (92 — 99 %), alcohol (98 -  100 %) and bitterness units 
( 100 %) with very good microbiological results (Schlenker 1994).
For a brewery to make money it needs to economically produce beer. This 
includes the recovery of beer from all stages of its processing. To this end, the 
recovery of beer from tanks bottoms has employed many processes including 
centrifuges, vacuum filters, filter press and pressure leaf filters, alcohol evaporation 
systems and crossflow filtration systems (Freeman 1995). Tank bottoms can be 
sourced from either the fermentation or maturation tanks, with the liquid in these 
vessels possessing different characteristics. The fermentation tank contains 
approximately 90 % beer and 10 % yeast (Le 1987, Walla 1994). So, when filtering 
the tank bottom solution, the technology has to be able to cope with a high yeast cell 
content and high viscosity (Fillaudeau 1999). Through the use of crossflow 
filtration, approximately 42 -  62 % of beer can be recovered depending on solids 
content, with fluxes reaching a value close to 40 L m'^ hr'^ (Walla 1994). The 
maturation vessel contains a high content of proteins and polyphenols resulting in a 
low viscosity (Fillaudeau 1999). These contents may also be affected by the 
addition of chemicals and finings (Le 1987). It was found that the filtration of 
fermentation vessel bottoms was more suited to the process of membrane separation 
when compared with maturation vessel bottoms (Le 1987). This was because the 
fouling of yeast produced a secondary dynamic membrane, which acted as a pre- 
filter for the actual filtration membrane, whilst it had been found that finings, 
particularly isinglass reduce the filtration ability of the membrane (O’Reilly 1987).
The use of this technology has allowed the recovered beer to be blended 
back into the main stream (Bühler 1993, Burrell 1994a) at a concentration of 5 % 
without being detected by a trained taste panel (Gir 1992).
The recovery of the solid product is also of economic importance, as this can 
be re-used or sold for use in the animal feed industry (Fillaudeau 1999), food 
production or to the pharmaceutical industry (Schenk 1998). The maximum yeast 
loading suitable for a crossflow system is 20 % dry weight of solids (Ryder 1988, 
Reed 1989, Gir 1992, Schlenker 1994, Walla 1994, Fillaudeau 1999). Although this
15
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is lower that the total produced by a current yeast press, the recoverable beer 
crossflow product is more superior in nature (Reed 1989, Gir 1992).
The average fluxes for the recovery of green beer and rough beer from 
fermentation and maturation tank have been stated to be between 10 and 50 
L m'^ hr'^ (Fillaudeau 1999).
O’Reilly (1987) did produce a view contrary to that already put forward, 
namely that the technique of crossflow microfiltration has promise for beer filtration 
but not for the treatment of fined tank bottoms. It also advocated that further 
investigations of beer filtration procedures were required to ensure consistent 
performance before large-scale operations can be applied (O’Reilly 1987).
2.7 The process of beer production.
Beer is produced from the cereal crop barley. After harvesting, the cereal is 
malted, starting a chain of biochemical processes, which will eventually lead to the 
production of beer, see Figure 2.4.
Malting involves the washing and aeration of the barley, which 
encourages the germination of the grains. During germination, various enzymes 
within the grains start to digest the carbohydrates and nitrogenous materials to 
provide energy and nutrients for the growing root. The usual germination period is 
seven to twelve days, after which kilning and root removal occurs. The kilning of 
the barley encourages further enzymatic activity, whilst producing the colour and 
flavour components. This product is now termed as malt and will require being 
stored for a minimum of a month, as freshly kilned malt affects the processes of 
fermentation and filtration (Moll 1991).
The purpose of mashing is to dissolve the water-soluble components 
from the malt and added adjuncts. This is then referred to as the extract, containing 
approximately 75 -  85 % plato of fermentable sugars. A further 1 5 - 2 5  % of the 
extract is composed of the non fermentable sugar, dextrin (Moll 1991). Other non 
dissolved materials present after the mashing process include beta glucans (Letters 
1977, Carbonell 1990, Moll 1991, Narzi(3 1993, Stewart 1998), gums (Letters 1977, 
Moll 1991) and pentosans (Moll 1991, Stewart 1998). All these non-fermentable 
products are found to be the components, which later may cause filtration problems.
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Operation
The Process of Beer Making
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Figure 2.4. The process of beer making (Moll 1991).
After the mash has been filtered, the residual solution is termed wort. To the 
wort, the hops are added, their role being to add aroma and bittering components to 
the solution. The wort is also inoculated with yeast and fermentation promoted. As 
the yeast assimilates the fermentable sugars, they produce the desired components 
of ethanol and higher alcohols. The final beer product requires maturation and 
stabilisation, to allow the settling out of the suspended solids prior to the process of 
filtration.
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2.8 The filtration of beer.
The addition of wood shavings or finings and a long period of cold storage 
originally achieved beer stabilisation. However, there always remained a slight haze 
in the beer. As glass began to replace pottery drinking vessels, the need to produce a 
clearer haze free filtered beer became inevitable (Moll 1991).
The main material currently used in rough beer filtration is kieselguhr or 
diatomaceous earth. This fossilised marine diatom is excellent at removing 
suspended material from beer and producing a bright beer as the end product (Reed 
1986). The sheet form of kieselguhr filters out the beer solids by allowing them to 
settle between its large particles (Reed 1989). This method can achieve a typical 
filtration cutoff between 0.6 and 0.8 pm (Burrell 1994b). Kieselguhr can also be 
used as a filter aid, to promote the flocculation of materials prior to filtration.
The disadvantages in the use of kieselguhr include the facts that it is now 
listed as a carcinogenic material, and that future supplies are not guaranteed as it is a 
finite resource (Reed 1986, Czech 1995, Freeman 1995, Fillaudeau 1999, Noordman 
1999, Van Hoof 2000). Kieselguhr has limited reuse and the only currently method 
of disposal is to land fill the material. But as environmental taxation become 
popular, the cost of sending material to land fill keeps increasing. Therefore, this 
option may become too expensive for use in the future (Reed 1986, Czech 1995, 
Freeman 1995, Fillaudeau 1999, Noordman 1999, Van Hoof 2000). However, novel 
proposed suggestions for this waste material include its use as soil conditioner, 
animal feed, or its incorporation into brick making and lightweight concrete (Griffin
200^L
Alternatives filter materials are available, and include perlite, a crushed form 
of thermically expanded volcanic glass (Freeman 1995). This is perceived as being 
safer than keiselguhr but produces a disappointing product in terms of the brightness 
(Reed 1986). Alternative filter aids include cellulose, silica gels, 
polyvinylpolypyrrolidinone (PVPP), nylon, bentonite, tannic acid, and isinglass. 
Whilst materials that have been considered as suitable filtration layers include 
cellulose, silica gels and PVPP (Reed 1986, Moll 1991, Freeman 1995).
Alternative filtration technologies include, the candle filter (Reed 1986, 
Hermia 1994, Freeman 1995), pulp filters, cartridge filters, centrifuges and thick 
bed filtration (Reed 1986, Moll 1991, Freeman 1995). Sand filters for pilot scale
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beer filtrations have been investigated. These have produced flow rates o f between 
15 -  25 L m  ^ hr  ^ (Reed 1989, Moll 1991). The main advantages are that they can 
be fully regenerated, and require no filter aids. Currently more work needs to be 
undertaken in an attempt to reduce the overall size of the filter, and to reduce the 
filtration threshold to below 2 pm (Reed 1989). It has been claimed that depth filters 
like the sand filter are less prone to fouling than membrane filters (Noble 1988).
The technology of crossflow filtration has also been proposed as an 
alternative method of commercially filtering rough beer. In an attempt to optimise 
the process, pure scientific research is being conducted to try to explain the 
mechanism of membrane fouling experienced during the crossflow microfiltration 
of rough beer (Blanpain 1993, F&S 1997, Blanpain-Avet 1999, Fillaudeau et al 
1999, Blanpain-Avet 1999b, Blanpain-Avet 1999c). Another approach being taken 
is an attempt to determine the fouling mechanism through the analysis and 
interpretation of the membrane fouling layer. (Taylor 1998, 1999).
The initial area for investigation was the identification of the correct 
combination of membrane material and pore size, which are both very important in 
ensuring consistent beer quality. The size of membrane pores with regards to 
filtering beer has been an area of very thorough investigation (Burrell 1994a, b, Gan 
1997). Whilst an investigation into the filtration of a beer through two membranes 
in series has also been conducted (Yazen 1995b).
To ensure maximum filtration is achieved various methods of process 
optimisation have been experimentally attempted. These have included the insertion 
of baffles into the membrane (Gan 1995), backflushing (Gan 1995, 1997, Noordman 
1999) the filtration of warm beer (Schlenker 1994), hydraulic improvements 
(G’Shaughnessy 1997) and even the use of pulsed crossflow microfiltration (Reed 
1989b). Once the crossflow process has been deemed successful at lab scale, it 
requires to be tested at pilot scale to determine whether the scale up process has 
altered any of the properties of the process (Gill 1994).
As porous membranes are inherently susceptible to fouling (Mulder 1995), 
the research into post filtration membrane cleaning (Lenoël 1994, Gan 1999) will 
invariably become an area of great demand.
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2.9. Beer components.
The components of beer and their interaction with the membrane determine 
the mechanism of membrane fouling and resulting flux decline. The overall 
amounts and classification of a typical post filtration beer components are presented 
in Figure 1.1.
The addition of digestive enzymes to beer solutions has helped to identify 
the components, which foul filtration membranes. Initially, a control beer is filtered 
with the flux being recorded. The dosed beers are then filtered and the resulting 
fluxes compared. It was originally proposed that beta glucans were responsible for 
the majority of filtration fouling. The addition of beta glucanase to a beer solution 
results in an increase in fluxes (Sudarmana 1996, Gan 1997, O’Shaughnessy 1997). 
However, when trying to restore the flux to a membrane plate, it was found that the 
addition of a beta glucanase was insufficient to fully restore the flux. Only the 
further addition of cellobiase, pentosanase, xylanase, pectinase and protease fully 
restored the clean water flux (Siebel 1988). This work has been extended to study 
the effects of enzymes on the fluxes of beer solutions (Sudarmana 1996, Gan 1997, 
O’Shaughnessy 1997). The analysis of a standard beer membrane-fouling layer 
found that it was predominantly composed of carbohydrate (approximately 
50 %) but further investigation showed that the carbohydrate did not include beta 
glucan (Taylor 1999). Literature states that the membrane retained materials from 
beer filtration include beta glucan, starch, dextrins, pentosans, proteins, 
polyphenols, heavy metals, carbon dioxide and polymeric material (Peachey 1991, 
Hermia 1994, Czech 1995, Letters 1995). These materials are all products that 
cannot be metabolised or are produced as waste or by products. It was found that the 
complex carbohydrates are still present because the Saccharomyces yeasts are 
incapable of hydrolysing starches, dextrins and glucans (Hough 1982, Ward 1989). 
Whilst the beta glucan can originate from damaged yeast cells (Percival 1950) and 
undigested barley endosperm cell wall (Carbonell 1990).
Proteins were found to exhibit only a very small effect over the fouling 
process, indicating that they were not major foulants. Through the analysis of a 
beer-fouling layer produced through filtration, protein was found to be present on 
the membrane surface. This protein deposit could be solely protein or a complex in 
association with a polyphenol (Taylor 1999).
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The addition of xylanase showed that pentosans were prevalent in the 
fouling process, their removal resulting in an increase in beer flux. It was concluded 
that pentosan was a major foulant. These carbohydrates as far as brewing is 
concerned have similar properties to beta glucans (Fix 1989). In a typical pilsen 
beer, pentosan is present at a level of 60 mg L '\  concentration approximately six 
times lower than beta glucans (Moll, 1991).
Fouling was also found to involve the adsorption of C a^  and Cu^^ ions from 
the beer onto a ceramic membrane. It was proposed that adsorbed ions would serve 
as sequestering agents in the formation of complexes of carbohydrates and proteins 
(Gan 1997).
It was found that different beers have different compositions, even batches 
of the same beer were found to have different responses to added enzymes 
indicating inconsistent compositions (O’Shaughnessy 1997).
2.10. The filtration of model beers.
In an attempt to identify fouling mechanisms, work has been conducted on 
model beer. An overview of this research is presented in Table 2.2. From brewery 
based findings it was shown that when beer was in contact with a porous membrane 
protein accumulated at a quantity double that of the carbohydrate. The further 
research carried out by Haffenreffer et al (1968) showed that these results could be 
duplicated using a model protein and carbohydrate in the form of egg albumin and 
corn dextrin. It was concluded that it took ten times the amount of protein to foul a 
0.6pm polyvinyl chloride dead end membrane than was required with the 
carbohydrate. It was therefore concluded that the protein was not responsible for 
much of the membrane pore clogging.
The work of Meier et al (1995) was also the result o f actual beer fouling 
membrane analysis. The generation of a model beer was used to corroborate the 
fouling results produced from beer filtration. When a combined solution of 
carbohydrate and protein was used, the components passed through a first 
membrane to foul a second membrane in series. The analysis of the membrane 
foulants indicated that the first membrane contained a higher degree of protein 
whilst the second membrane contained a higher degree of carbohydrate fouling.
2 1
Table 2.2. An overview of model beer research.
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Investigators Model beer components Membrane Method Transmembrane Crossflow
pressure velocity
Haffenreffer e t a l Egg albumin (protein) 0.6 micron PVC D.E.
(Haffenreffer 1968) Corn dextrin (carbohydrate)
M eier e t  a l Beta glucan 0.45 micron Polyvlnylvidene D.E. 0 .95 bar
(Meier 1995) Zein (protein) flouride cartridge 2 layers of
Tannic acid (polyphenol) filter medium in series.
Ethanol
Stew art e t  a ! Beta glucan 0.45 micron polyamide D.E. 200 kPa
(Stewart 1998) Arabinoxylan
BSA (protein)
Tannic acid (polyphenol)
Ethanol
Eagles & W akem an Starch (carbohydrate) 0.2 micron cellulose nitrate C.F. 1 .9 -4 .5  bar 1.1 -2 .8
(Eagles 1997) Ethanol m s'^
Glycerol
Citric acid (regulate pH)
(Eagles. 1998) Above plus maltose 1.9 bar 2.0 m s'^
Casein (protein)
(Eagles 2000) Above plus catechin C.F. 3.0 bar 2.0 m s'^
calcium ions
Stopka e t  a l Filtered beer plus alpha AI203 ceramic 029 C.F. 150 kPa 2.2 m s^
(Stopka 2000) Amylase (protein) pores sizes 200 and 500 nm
(Stopka 2000a ) Catachin (polyphenol)
Bitter acid (hop extract)
Maltotriose (carbohydrate)
Sucrose (carbohydrate)
Yeast
D.E. = Dead end filtration C.F. = Crossflow filtration
This indicated the two components had the ability to pass through the 
membranes as a result of some synergistic influence beneficial to both molecules. 
However, the method for the interaction between the two components is still 
currently unknown (Meier 2000).
The model beer suspension of Stewart et al (1998) was derived from 
component quantities calculated from substantive beer analysis in a dead end 
microfiltration system, as seen in Table 2.2. The aim of this work was to assess the 
effects of specific beer components on microfiltration efficiency and to study 
component interaction. The results showed that a combination o f protein and 
polyphenol could reduce filterability. Stewart et al (1998) also tested the
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experimental dead end flux decline associated with a series of differing molecular 
weight beta glucans. The range of molecular weights for the beta glucans being 
assessed was from 40 to 225 kDa. The results showed that if  the beta glucans 
exceeding 123 kDa in size they reduced the microfiltration efficiency through the 
obstruction of membrane pores (Stewart 1998). It could be concluded that as 
molecular weight increased, so did the molecular size of the beta glucan. Upon 
reaching a certain molecular weight, these molecules could no longer pass through 
the pores and would simply obstruct the pore entrances. A simple antifouling 
technique would therefore be the addition of beta glucanase enzymes to the beer to 
breakdown the large molecules or to digest and remove them completely (Meier 
2000).
Experiments have also been conducted using model beers in a crossflow 
filtration system. Eagles and Wakeman (Eagles 1997, 1998, 2000) investigated the 
crossflow filtration of beer using a model beer solution consisting of starch, ethanol, 
glycerol and citric acid in a crossflow rig. The quantity of starch was based on one 
of the highest molecular weight dextrin with typical amounts present ranging from 
1000 - 2000 mg L'^ (Eagles 1998a). This component was responsible for reducing 
the filtrate flux and producing a visible fouling layer. The fouling layer also caused 
the slower permeation rate of the smaller constituents (Eagles 1997). The addition 
of a protein may also cause fouling and act in combination with the polysaccharide 
(Eagles 1998).
Stopka et al (Stopka 1999, 2000) used filtered beer for experimental work 
with additional components added back to the beer prior to crossflow filtration. He 
found that the foulant that caused the most fouling was the model polyphenol, 
catechin. This was followed by the hop extract, beer yeast, the model protein, and 
finally the simple sugars in descending fouling order.
2.11. Visualisation of membrane fouling.
Direct visualisation of the membrane both before and after use, can provide 
evidence that if  used in association with additional data, such as flux decline can aid 
in the production of a hypothesis of mechanism involved in fouling (Bowen 1995). 
Previous workers have employed two main approaches; in situ observations and 
time related experiment fixation.
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The in situ real time experiments usually require the membrane to be 
exposed in some way to a recording device whilst filtration progresses. Mackley 
(1994) and Sherman made in situ observations of a cake deposition of polyethylene 
particles through the use of a magnifying video camera mounted on the edge of the 
membrane. This enabled the cake development and the behaviour of individual 
particles to be recorded and later assessed using slow motion replay.
Wakeman (1994) used a crossflow microfiltration cell with glass walls to 
allow visualisation of the processes on the membrane surface. Tangential flow 
carried the 0.5 — 25 pm particles into the view of the high speed video camera, 
which could record the gradual development of the ensuing cake layer. Earlier 
experiments visualised the behaviour of single 100 pm particle in varying crossflow 
and permeate velocities as they travelled s across a 53 pm aperture woven mesh. 
This allowed assessment of the particles passage and the influence of the 
surrounding parameters.
On a smaller scale Kawakatsu et al visualised the permeation of oil & water 
and water & oil emulsions through 6 pm silicon micro-channels using a microscope 
video system (Kawakatsu 1996).
The visualisations of the flow effects caused by baffles on a membrane were 
undertaken with a camera that was mounted so it could observe the flow though a 
plexiglass membrane - baffle arrangement (Gupta 1995).
Visualisation can be further enhanced through the use o f coloured 
complexes, such as brown (iron) dextran or blue dextran (Larsen 1991).
The other major visualisation technique involved the termination of the 
experiment after a set duration to visualise the fouling image through the use of a 
microscope. A wide variety of microscopes have been used in the visualisation of 
fouling:
The atomic force microscope (AFM) (Bowen 1995),
The infrared electronic diode array microscope (McDonogh 1995),
The transmission electron microscope (TEM) (Sheldon 1991),
The field emission scanning electron microscope (FESEM) (Kim 1992), and 
The scanning electron microscope (SEM) (Horrock 1997).
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Brewing Research International (BRI 1998) have used a SEM to visualise 
beer fouling on range of different membrane types. These experiments were 
conducted in a stirred filtration cell for a specific duration. The membranes were 
then removed and prepared for visualisation by adhesion to a microscope plate and 
subjected to gold sputtering.
Although these techniques can produce clear detailed images, they are also 
more prone to the generation of artefacts, which can lead to incorrect interpretations 
and conclusions regarding the fouling methods. To gain a better idea of how fouling 
occurs over an extended period requires the production of a sequential time series of 
fouled membrane samples, an example of this can be seen in the work of Lake 
(1996). Single images provide insufficient data and unless they are placed within a 
frame of reference are inconclusive.
For the analysis of fouled membranes, the processes of nuclear magnetic 
resonance (NMR) (Wandelt 1993) can be employed. However, instead of detailed 
information, only the bulk growth of the cake can be depicted (Wakeman 1994).
2.12. Concluding comments.
The main conclusions that can be drawn from the literature are that beer is a 
very complex biochemical solution, compounded by the fact that every beer type 
has differing properties and component quantities.
In an attempt to understand the fouling mechanisms associated with 
filtration, the use o f a model beer would help to simplify the situation. From these 
results, together with parallel beer investigations, possible beer fouling hypotheses 
can be speculated. Further development and optimisation of the crossflow filtration 
method could in the future reduce the impact of these fouling mechanisms to 
produce economical sterile beer fluxes.
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Chapter 3. Materials and Methods.
3.1. Introduction.
The overall aim of this investigation was to assess the fouling mechanism 
associated with the crossflow filtration of a model beer. This included the sub aims 
of establishing a working model beer solution and conducting further model beer 
flux decline experiments with the addition of biochemical analysis o f component 
location. To further enhance and validate this work and its conclusions, visualisation 
studies of a membrane surface undergoing fouling were produced. To achieve these 
aims this chapter will lay out the equipment and materials that were used for this 
study, together with the experimental procedures undertaken.
3.2. Membrane crossflow filtration rig.
The membrane housing and all the pipe work are stainless steel (8 mm OD); 
this prevents corrosion and allows cleaning o f the rig with caustic. The other 
materials used in the rig are reinforced flexible PVC hosing (to allow access to the 
membrane module and to enable the flow meter to be put inline), polyamide 6 hose 
connectors and PVDF flow sensors. A schematic of the experimental rig is presented 
in Figure 3.1. Photographs of the re-circulation loop and membrane chamber are 
presented in Figure 3.2. and 3.3.
The pipe work is attached to a free standing metal latticed frame (1.8 m in 
length by 1 m in height) mounted on a bench top. The pump was secured on a free 
standing box beneath the bench. To reduce noise and vibration produced by pump 
there are anti-vibration pads and neoprene matting sandwiched between the pump 
and the box.
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Figure 3.1. Experimental flux decline rig.
The stainless steel rotary flow vane pump P0311 (Fluid-o-Tech) draws the 
fluid from the feed reservoir with a capacity of holding five litres. The pump has an 
internal bypass which is used to control the flow rate whilst maintaining system 
pressure. The pump can deliver a maximum flow rate of 340 L hr'^ at a constant 
pump speed (1400 RPM) with water at 20 °C, the bypass blocked and no pressure.
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Figure 3.2. The experimental rig.
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Figure 3.3. Membrane module and balance.
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A pressure relief valve is situated downstream of the pump. It is set to lift at a 
pressure of 3.4 bar.
The standard flux decline experiments were conducted in a batch mode, re­
circulating the retentate back to the feed reservoir to maintain a constant volume and 
concentration. The permeate was collected and measured in a beaker located on a 
balance, then returned to the feed reservoir.
For the experiments incorporating biochemical analysis measurements, the 
rig was modified to the layout as seen in Figure 3.2. The permeate line was shortened 
and the balance moved closer to the permeate output in an attempt to reduce the 
effects of dilution on the results. Sterile permeate collection pots were substituted at 
set times over the duration of the experiment, thus allowing data to be gathered and 
results produced for accumulated permeate samples over time. These samples were 
not returned to the feed reservoir, so the volume of the feed was constantly declining.
The feed flow rate was measured using an inline liquid flow sensor, range 
12 -  54 L hr  ^ ± 0.25 % (Flow Sensor — Dual Range, RS Components). An electronic 
balance, range 0 -  1210 ± 0.1 g (CT1200 balance, Ohaus) was used to collect 
permeate for determination of the permeate flow rate.
The membrane module was pressure sealed by 0-rings either end of the 
membrane tube. The system pressures were measured using GP pressure transducers, 
range 0 - 6  bar ± 1 %  (GEMS Transinstruments, RS Components). The system 
pressures were measured at the retentate inlet and outlet of the membrane housing 
and from the permeate side of the housing. A single analogue Bourdon pressure 
gauge (Platon Flowbits) located on the permeate side of the housing was used to 
verify and maintain pressures, particularly during the initial flux decline. This 
resulted from the fact that the data from all of the electronic instruments were logged 
onto a computer and only up dated at specified time intervals.
An in - line thermocouple (type K) serves to monitor the feed temperature. If  
the temperature increases above the pre-set level of 20 °C, an alarm triggers the 
solenoid gate valve to open, allowing cold mains water to pass through the heat 
exchange coil located in the feed reservoir and drain to the sewers.
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3.3. The membrane and housing.
The Carbosep filters used in these experiments were purchased from Ultra - 
Tech Services Ltd. The filter is composed of a 2 mm thick carbon tube supporting an 
internal layer of sintered titanium oxide membrane. The nominal pore size of the 
membrane was measured at 0.45 pm and the membrane surface was hydrophilic in 
nature. The filter measured 20 cm in length with an internal diameter o f 6 mm, 
giving a total filter area of 40 cm^.
The stainless steel module was designed to hold a labscale sized 20 cm long 
cylindrical porous Carbosep filter. The design of the module allows fluid to pass 
along the internal surface of the tubular filter, whilst filtration occurs simultaneous 
through the membrane. The permeate is drawn off through a side port in the module 
for collection. See Figure 3.3. for details.
3.4. Materials.
During this work, a range of materials was tested both independently and in 
combination with each other in an attempt to produce a suitable model beer. These 
materials included deionised water, carbohydrates, protein, and alcohol. Experiments 
were also conducted on pilsen beer.
3.4.1. Water.
The model beer was based on a pilsen beer, for which the consideration of the 
water quality was very important. Pilsen beer is produced from very soft water (a 
concentration of < 50 mg L'^ CaCOg), the drinking water supplied to the university 
was moderately hard as it contained a total hardness of 192 mg L'^ of CaCOg. The 
quantity of the salts and minerals in solution are also important as this effects the 
taste of the final beer product. Table 3.1. compares pilsen water qualities with the 
University supply and the resulting post reverse osmosis values.
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Table 3.1. Chemical analysis o f the water supply.
Millipore Elix W ater Deioniser
Component Pilsen Pilsen University Post RO Post RO
value 1 value 2 supply 3 allowing 3% allowing 6%
mg mg L'^ mg L'^ passage passage
Calcium 7 10 not availble
Magnesium 2 1 not availble
Sodium 2 2 22 0.66 1.32
Carbonate (CaCOg) 30 12 192 1.56 3.125
Sulphate 5 5 17 0.51 1.02
Chloride 5 7 40 1.2 2.4
Nitrates Trace Trace 4.6 0.138 0.276
Pilsen value 1. (a)
Pilsen value 2. (Brew 1996)
University supply 3. (Robens 2000)
From Table 3.1. it can be seen that the Universities tap water supply is 
unsuitable, as a basis for a model beer. The decision was taken to deionise the supply 
by passing it through an Elix ™ 3 water purification system (Millipore). This helped 
to eliminate the possibilities of water impurities and reduced the salt content to a 
more suitable experimental level. This pre-filtering helped to reduce water induced 
membrane fouling before and during the experimental runs. The deionised water was 
used to prime the experimental rig, set the transmembrane pressure and be re­
circulated around the rig for the first five minutes of the experiment.
3.4.2. Carbohydrates components.
For the experiments undertaken to create a model beer, a number of 
carbohydrates were selected as possible candidates. The monosaccharide D- Glucose 
anhydrous (Fischer Scientific, G/0500/53) and disaccharide Maltose (Sigma, M9171) 
were dissolved to the correct concentration ranging from 500 -  10,000 mg L'^ 
through the addition of deionised water and agitation.
Starch (BDH Chemical Ltd, 10271) was dissolved through the addition of 
deionised water to produce a thick paste which was partially diluted and boiled. This 
solution was then diluted to the appropriate volume (3 litres) with deionised water to 
produce the required concentration of 500mg L '\
(a) http://www.esb.net.au/techpage.html (28/3/00)
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To prepare the dextrin type II: from com (Sigma, D2131), the dry powder 
(500 - 6000 mg L was made into a paste and diluted into the appropriate volume of 
deionised water. This solution was dissolved by autoclaving (Astell Scientific 
Autoclave) with settings of 20 minutes freesteam and 15 minutes sterilise. The 
maximum temperature achieved was 121 °C. The composition of the solution was 
not affected by the high temperature. The small amount, approximately 150 mg L’  ^
of glucose found naturally in a dextrin concentration of 600 mg L’  ^ did not increase 
after autoclaving. The use of the autoclave enforces standardisation of the dissolving 
procedure.
To combine components in solution, the weighed dry powders were added to 
autoclaved dextrin in the appropriate volume of deionised water. The solution was 
then agitated to aid the dissolving of the powders.
3.4.3. Protein.
Bovine Serum Albumin (Sigma, A2153) was selected as the model protein. 
This protein was a minimum of 96 % pure with the remaining percentage composed 
of globulins. The BSA was dissolved from its powder form by its addition to the 
dissolved dextrin and magnetic stirring. The concentration of BSA in a solution was 
500 mg L '\
3.4.4. Alcohol.
To represent the alcohol content of the model beer, absolute ethanol was 
selected and used at the concentration of 3.93 g L '\  This volume was used to 
represent the concentration of ethanol that would be present in the original beer at the 
strength of 1/10*^ see section 4.3.2.4.
3.4.5. Beer.
Real beer was also tested experimentally. The beer chosen was Original 
Budweiser Budvar, Czech premium lager. Bottled and brewed by the brewery 
Budweiser Budvar, National Corporation, Ceské Budejovice (Budweis) Czech 
Republic. This beer has an alcohol content of 5.0 % volume. This is a pilsen lager 
similar to that used in the investigated of beer components by Moll (1991).
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3.4.6. Model beer.
The model beer solution was derived from a tenfold concentration reduction 
of the original beer components stated by Moll (1991). The ideal model beer solution 
was composed of the components and concentrations presented in Table 3.2.
Table 3.2. Revised model beer concentrations. {Modifiedfrom Moll 1991).
Components Model for Amount Used
Glucose All basic sugars 2,200 mg
Dextrin Higher dextrins & glucans 600 mg L'"'
Protein Beer protein 500 mg L'^
Ethanol Alcohol 4 ml
To produce the model beer solutions, a volume equal to that o f the added 
alcohol was removed from the cooled dissolved dextrin. The alcohol that is 
subsequently added restores the liquid to the correct volume. The other components 
are then added and the solution agitated to assist dissolving.
For the initial model beer production experiments, the feed solution volume 
used in the experiment was 3 litres. This volume was chosen as it could keep the 
pump feed constantly supplied during the experiment, whilst allowing regular 
samples to be taken, with the minimum heat transference from the pump. The latter 
experiments were conducted in a volume of 1 litre, which more obviously suffered 
from the effects of heat transfer, illustrated by the fact that the cooling coil was 
having difficulties maintaining a constant temperature of 20 °C.
Once the model beer had been made, the pH of the solution required to be 
rectified to that representative of the pH of a 1/10 beer dilution. Acidification from a 
pH of 6.25 was undertaken by titration with 0.25 M hydrochloric acid and agitation 
of the solution to achieve a pH of 4.8. The pH can affect fouling, see section 4.4.4.2.
3.5. Detection of physical properties of the model beer solution.
The physical properties of pH, ionic concentration, zeta potential and 
viscosity of the experimental solutions were assessed. This would allow the proposed 
model beer to be compared with the real solution, allowing corrections to be made if 
any physical properties are unsuitable. The results of these tests can be seen in Table
4.5.
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The pHs of the solutions were tested using a Mettler Delta 350 pH probe. 
This was calibrated prior to use with standard solutions at pH 4 and pH 7.
The conductivity of the solutions was measured using a Jenway Conductivity 
Meter 4310 probe. The probe was calibrated with standard Potassium Chloride 
solution of 0.746 g, which produced a known conductivity of 1413 pS at 25 °C.
The zeta potential of the solutions was measured using a Malvern Zetasizer 
2000. This operated under the pre-set standard conditions of a temperature of 20 °C, 
and viscosity of 1.001 cP.
The viscosity was tested using a Carri Med controlled stress rheometer. Due 
to the nature of the fluid, a cone shaped plate with an angle o f 0:30:00 and a diameter 
of 6 cm was used. The system gap measured between the cone and the base plate was 
15.5 pm. To ensure reproducibility the plate was kept at a constant temperature of 
20 °C.
3.6. Experimental procedures.
Clean membranes defined as those with a flux in excess of 100 L m'^ hr'^ 
with a volumetric crossflow velocity o f 1.48 m s'^and transmembrane pressure of 0.5 
bar were used for all experiments. The pressures, temperature and flow rates were 
pre - set before the start of the experiment and with the data being recorded at regular 
intervals by computer. Standard flux decline experiments were conducted for 7200 
seconds, whilst the component quantification experiments ran for 3900 seconds, thus 
allowing the establishment of a steady - state flux.
The initial data logging period of 300 seconds was a clean water phase which 
allowed the development of the experimental working pressures without inducing 
fouling. The flux data relating this period was omitted from any presentations to 
avoid confusion. After this stage, the model beer solution was substituted through the 
use of three-way valve (see Figure 3.2.), and the pressure readouts carefully 
monitored. The inevitable decline in flux also led to an associated decrease in the 
pressure reading on the permeate line pressure gauge. To maintain a constant 
transmembrane pressure the needle valve on the permeate line was adjusted manually 
(see Figure 3.3.).
Typically the data was logged at ten seconds intervals for the first 1200 
seconds for the model beer experiments and for the 900 seconds o f the component
34
Materials and Methods
quantification experiments. The data recording time was then extended to 360 second 
intervals as the steady - state flux had become established.
To undertake component quantification in both the retentate and permeate, 
samples were collected and stored in a refrigerator until they could be tested. The 
initial sample (20 ml) of pre-filtration model beer was removed after pH correction, 
this served as the original sample against which all other values could be compared. 
The retentate was sampled directly from the retentate return line to the reservoir by 
collecting approximately 10 ml of solution into a sterile container. The container was 
sealed and the retentate pipe returned to the reservoir. To conduct permeate 
sampling, a sterile container was placed under the permeate drainpipe on the balance, 
see Figure 3.3. This enabled permeate to be collected over a set period o f time.
Upon termination of the experiment, the feed solution was exchanged back to 
clean deionised water to rinse the rig prior to cleaning.
3.7. The cleaning process.
The solution used to clean the experimental rigs and the in situ membrane 
was Ultrasil 56 (Henkel Ecolabs). This solution is an enzymatic membrane cleaner 
composed of both organic and inorganic complexing agents (Ultrasil 1990). A litre of 
a 1 % concentrated solution (WA^) was made up with deionised water. This cleaning 
liquid was heated to a temperature of approximately 50 °C in a heated water bath. 
The solution was then re-circulated around the rig for a total of 60 minutes (Ultrasil 
1990). After 50 minutes the valve on the permeate line (see Figure 3.3.) was opened 
to allow passage of the cleaning solution through the membrane for a period of 10 
minutes. The pump was then switched off and the solution allowed to sit for a ftirther 
10 minutes. The rig was drained and rinsed with deionised water until neutralised. 
The clean water flux was then assessed using pH paper. The cleaning solution and 
rinsing water were diluted and discharged to the drains.
If the clean water flux was not restored to pre-set level in excess of 100 L m^ 
hr \  a further cleaning solution of hot (50 °C) 2 % (WA^) Sodium Hydroxide solution 
could be re-circulated round the rig. The cleaning protocol involved one litre o f this 
solution being re-circulated for 20 minutes around the retentate loop. The permeate 
line was then opened for a further 10 minutes to allow the caustic solution to pass 
through the membrane. After completion of the cleaning cycle, the rig was drained
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and rinsed with clean deionised water to removal all traces of alkalinity. The pH of 
the fluid leaving the retentate and permeate lines was checked using Universal 
Indicator paper, if necessary further rinsing was carried out. The Sodium Hydroxide 
solution was disposed of in the safe manner of large-scale dilution and discharge to 
the drains. The clean water flux was then tested with deionised water to ensure 
restoration o f flux under the criteria of the standard clean water conditions previously 
mentioned.
3.8. Component quantification.
All sample components were ultimately optically measured in a Lambda 2 
UV/VIS Spectrometer (Perkin Elmer) against an established calibration curve for 
that component in a model beer solution at pH 4.8. To prepare for any test in the 
spectrometer, the machine was corrected to zero against the working reagent of the 
individual test containing a water sample. The calibration curves for the individual 
components can be seen in Appendix 2.
The following methods were undertaken with the aim of quantitatively 
assessing specific components, however not all met with the same degree of success.
3.8.1. The quantification of dextrin through hydrolysis.
To determine the concentration of dextrin in the samples collected, it was first 
necessary to hydrolyse the dextrin to glucose. This was carried out using the 
Association of Analytical Chemists method for determining dextrin concentration in 
beer (AOAC 1984). A 25 ml measure of experimental sample was added to 15 ml of 
Hydrochloric Acid (specific gravity 1.125) in a round bottom flask and diluted with 
deionised water to 200 ml. The solution was then boiled for two hours with an 
attached reflux condenser to prevent evaporation. This operation was conducted in a 
fume cupboard for safety reasons. The resulting solution was allowed to cool, and 
neutralised through the titration of Sodium Hydroxide.
To test for carbohydrate concentration, 20 pi o f the resulting solution was 
pipetted into 4 ml of glucose (Trinder) solution (Sigma) and the optical density read 
at the wavelength of 505 nm. Glucose values were determined using an established 
glucose Trinder calibration curve stored in the computer memory o f the 
spectrometer.
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3.8.2. The quantification of dextrin through enzymatic digestion.
To quantify dextrin through enzymatic digestion, the enzyme AMG 300L 
(Novo Nordisk) was used to hydrolyse dextrin to glucose. The activity o f this 
enzyme was defined one Amyloglucosidase unit (AGU), this being the amount of 
enzyme which hydrolyses 1 micromolecule of maltose per minute under standard 
conditions (Novo).
To assess the presence of dextrin and deduce the quantity, 0.1 ml of the 
dextrin sample was added to 0.1 ml of a 0.1 M acetate buffer (pH 4.3) and 0.75 ml of 
deionised water in a test tube. This was placed to warm in a 30 °C water bath. To 
induce hydrolysis, 50 pi of enzyme was added and continuously heated. The enzymic 
concentration used was 2 AGU, although higher concentrations of 5 AGU were 
attempted. The product could be continuously sampled and tested for glucose 
concentration, over a period of time (10 — 250 minutes). This was carried out through 
the removal of 20 pi of hydrolysed solution and its later addition when cool to 4 ml 
of glucose (Trinder) reagent. After the appropriate development time each sample 
was assessed in the spectrometer at a wavelength of 505 nm.
To test the efficiency of AMG 300 L for the purpose of enzymic hydrolysis, 
the enzyme was originally tested against maltose. After a period of 10 minutes at a 
temperature of 30° ± 1 °C using 2 AGU, maltose underwent almost total hydrolysis.
3.8.3. The quantification of dextrin through colourimetric detection.
In a final attempt to quantify dextrin, 0.5 ml of the experimental sample was 
added to 4.5 ml of deionised water in a test tube. The tube was then agitated using a 
vortex device to mix the solutions thoroughly. Using a pipette 100 pi o f Lugol 
Solution (iodine/potassium iodide) was added and the solution agitated again. A 
colour change was apparent immediately, with the presence of the starch related 
products causing the solution to take on a blue colour. However, when added to the 
water control, the Lugol solution adopts a yellow colour. The test tube contents were 
poured into a 4.5 ml cuvette and placed into the spectrometer. The concentration in 
mg dl'^ for the individual samples was read off at a light wavelength of 600 nm 
against the appropriate calibration curve. If the original permeate sample collected 
was very small (less than 5 pi) the volumes were reduced. To the volume o f 2.25 ml
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of water was added 25 pi of the sample and 50 pi of Lugol solution following the 
instruction laid out previously whilst using a smaller cuvette.
3.8.4. The quantification of protein through colourimetric detection.
The chosen protein quantification test was the Lowry Protein Assay (Lowry 
1951) see Appendix 2. A volume of 800 pi of the experimental sample was added to 
a volume of 4 ml of Biuret reagent. This solution was then agitated on a vortex 
device and allowed to stand for 10 minutes. To this solution was added 400 pi of 1:1 
diluted Folin Ciocalteu reagent with immediate mixing to prevent the aggregation of 
solids. The solution was then left to stand for 30 minutes to allow the development of 
the colour. The solution was transferred to 4.5 ml cuvettes and the optical density in 
mg L  ^ was measured at a light wavelength of 750 nm in the spectrometer. If the 
permeate sample collected was smaller than 800 pi, the working volumes could be 
reduced by 50 %.
3.8.5. The quantification of glucose through colourimetric detection.
To test for glucose in the experimental sample, 4 ml of Glucose (Trinder) 
reagent was pipetted into a cuvette with the addition of 20 pi of sample. The cuvette 
was then inverted to mix the solutions. After 18 minutes of enzyme activity the 
concentration of glucose in the cuvette was measured in the spectrometer at a 
wavelength of 505 nm. The concentration was read off against the established 
calibration curve in g d l '\
3.9. Visualisation.
A smaller scale rig see Figures 3.4. and 3.5. was constructed with the purpose 
of producing fouled membrane coupons that could be visualised under a scanning 
electron microscope (SEM) or light microscope. Due to the specimen size limitations 
of the microscope technology only small samples (0.8 cm lengths) could be viewed.
A schematic of the rig is presented in Figure 3.4. The experimental solution 
was circulated around the rig by a stainless steel rotary flow vane pump P O l l l  
(Fluid-o-Tech). The pump uses an internal bypass, which can be adjusted for fine 
control of the experimental flow rate. The pump can deliver a maximum of flow rate 
of 160 L hr'^ at a constant speed (1400 RPM) with water at a temperature of 20 °C,
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the bypass blocked and no pressure resistance. The rig was constructed with brass 
fittings linked by reinforced PVC hosing. The crossflow module is a PTFE plastic 
tube with a rectangular hole to allow the membrane coupon to be fitted, see Figure
3.6. for a close up view.
Crossflow
Module
1X1
Pressure Gauge
-1 ^ ]— Needle Valve 
- X K  Gate ValvePump
Reservoir
Figure 3.4. The experimental coupon rig.
The crossflow velocity was regulated by the internal bypass and a needle 
valve downstream of the coupon module. The flow rate was measured through a 
volume over time calculation. Whereas the transmembrane pressure was altered 
using the needle valve on the retentate line. The transmembrane pressure was 
calculated using equation 3.1.
P + P
Transmembrane Pr essure = ^ -  Patmosphenc (Eq 3.1)
The coupon was produced from a subsection of an original membrane. This 
involved cutting the tubular membrane in half down its 20cm length and then cutting 
1 cm subsections with a band saw. The rough coupons were then filed down and 
polished to the correct size through the use of increasing grades of silicon carbide 
papers to produce a shine on the cut carbon surface.
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Figure 3.5. Membrane coupon rig.
Manual pressure gauge (MPG 1)
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Coupon v~~ «
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Figure 3.6. Membrane coupon housing.
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The edges were then covered with Silicaset and adhered to a fixed rubber 
gasket within the crossflow filtration module. This was further secured by wrapping 
and securing cable ties around the pipe and coupon. To test for leaks and to set the 
pressure, deionised water was run through the system. This also served to wet the 
membrane prior to experimentation.
For the experiment, a litre volume of experimental solution was drawn from 
the solution reservoir and re-circulated for the specified duration. At the required 
termination time, the gate valves either side of the membrane module were closed to 
stop the crossflow velocity whilst maintaining the pressure. The pressure release was 
slow and gradually back to atmospheric pressure in an attempt to retain any fouling 
present on or in the membrane to remain in situ for later visualisation. Once the 
pressure had been equalised the coupon could be removed and placed in a dessicator 
in an attempt to fix and consolidate any fouling present.
To clean the rig, the coupon module was exchanged for a small metal pipe. A 
litre of heated tap water Ultrasil 56 is circulated. After 30 minutes re-circulation time 
the rig was drained and thoroughly rinsed with tap water. The Ultrasil solution was 
diluted and discharged to the drains. Tap water was an acceptable media to use in the 
absence of a membrane, provided a deionised water rinse was undertaken prior to the 
commencement of further experiments.
When the coupon was completely dry it was prepared for visualisation under 
the SEM. This involved sticking the coupon to a stub and gold sputtering (Edwards 
sputter coater SI 5GB) the surface of the membrane. This process helps to reflect the 
signal used for image generation in the Hitachi 3200N Scanning Electron 
Microscope.
Light microscopy was also employed to visualise the membrane surface. In 
this case the coupon was embedded vertically in a warm resin. This would serve as a 
mechanical support when hardened and allow the membrane surface to be ground 
down to provide a clear image. The process of grinding down the surface for 
presentation to the microscope was carried out using increasing grades o f wet silica 
carbide papers on a Stuers Knuth -  Rotor. The finished surface should be smooth 
with no surface markings. This will be detectable under the microscope. The sample 
was placed under a Ziess Axiophot microscope for visualisation. The image seen 
under the microscope could be stored on computer through a Fixera camera linking 
the devices.
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A fouled coupon was also prepared for visualisation under the light 
microscope using the rig using the methodology described earlier in this Chapter.
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Chapter 4. The model beer.
4.1 Introduction.
Membrane fouling during beer filtration becomes evident through two main 
features; a rapid decline in permeate flux (Blanpain 1993, Czech 1995, Taylor 1998) 
and the change in permeate product, indicating preferential passage of only certain 
components (Eagles 1997, 1998).
The main difficulty in looking into this phenomenon is that different beers, 
themselves produce different fluxes. This is a direct result of their variation in 
components, the quantity of specific fouling components and their general potential 
fouling behaviours (Czech 1995, Taylor 1998).
The possible components and mechanisms of beer fouling in crossflow 
filtration have been investigated. The foulants are proposed to include carbohydrates 
such as starch (Czech 1995, Gan 1997), dextrin (Cantrell 1985), beta glucan 
(Blanpain 1993, Czech 1995, Gan 1997, Blanpain-Avet 1999), protein (Blanpain 
1993, Czech 1995, Stewart 1998, Blanpain-Avet 1999), polyphenols such as tannin, 
or catechin (Stewart 1998, Blanpain-Avet 1999, Stopka 1999), pentosans (Czech 
1995, Gan 1997) and even carbon dioxide (Czech 1995). For this work however, 
only the aforementioned foulants of carbohydrates and protein will be investigated.
There has been little published work on the local phenomenology of 
membrane - solute interactions involved in the crossflow microfiltration o f beer 
(Blanpain 1997). This is simply because of the complex composition of liquids 
produced by the brewing industry. To remedy this situation, a model beer mimicking 
the basic composition of beers should be developed to investigate the fouling nature 
of the various components and their interactions with the membrane.
• Practical limitations of the rig.
The experimental rig incorporated a pre-requisite pressure release valve 
which was set to blow if the internal system pressure reached 3.4 bar. This relatively 
low pressure was to prevent damage occurring to the analogue Bourdon pressure 
gauge mounted on the membrane module. This affected both the maximum 
operational crossflow velocity and transmembrane pressure. However, these values 
were within the conditions associated with the industrial brewery testing of crossflow 
filtration.
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The cleaning of the membranes and restoration of a clean water flux to pre­
set level in excess of 100 L m^ hr'^ (crossflow velocity 1.48 m s'  ^and transmembrane 
pressure of .5 bar) was also found to limit the experimental range of crossflow 
velocity and transmembrane pressure. The initial maximum crossflow velocity of 2.0 
m s  ^ used in the experiments in this chapter were exceeded when the model beer 
solution was tested as an alternate membrane cleaning procedure using Ultrasil was 
implemented.
The ranges for the crossflow velocity and the transmembrane pressure were 
selected to reflect the minimum and maximum values achievable within this rig. The 
specific criteria for the minimum crossflow velocity was that it was within the 
turbulent flow range, this being illustrated by the calculated Reynolds number. The 
third experimental value was chosen as a random mid point, which would allow 
comparison of the two systems. In hindsight, the transmembrane pressure of 1 bar 
should have been tested, however the relevance of this pressure was not realised until 
the data from the other experiments was assessed.
• Steady state achievement.
The clean water flux restoration may not restore an ideal flux after every 
cleaning session, it was only required that a pre-designated minimum to be achieved. 
Therefore at the start of the experiments, the initial clean water fluxes for duplicate 
experiments may differ. This does not seem to have an adverse effect on the result of 
the experiment, as the steady state fluxes are usually very reproducible. This would 
indicate that the fouling behaviour occurs in a very specific pattern relevant only to 
those specific system conditions.
• Experimental error.
Over the duration of the experiment the transmembrane pressure can decline 
due to the added resistance of membrane fouling. If an obvious change is observable 
then the transmembrane pressure will require to be re-set manually through the 
manipulation of the valve on the permeate line. However if this occurs during the 
latter stages of the experiment when the time duration’s between the permeate 
recordings are larger then it would become obvious within the resulting flux decline. 
This can be seen in Figure 4.4 with both of 600 mg L'^ dextrin experiments.
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The absolute values for data is notoriously prone to errors due to the 
limitation in accuracy of the measuring equipment. This is further explained in 
Appendix 7.
The aim of this section of the research was to develop a physical model of 
beer that not only contained similar components but also could reproduce both the 
characteristics and the fouling mechanisms experienced by the real product, see 
Figure 4.1. and Table 4.1.
140 
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0 500 1000 1500 2000 2500 3000 3500 4000
Time (Seconds)
Figure 4.1. The flux decline curve for a pilsen beer (Budweiser Budvar) at 20 °C.
Table 4.1. Beer characteristics.
Temperature pH Conductivity Zeta Potential Viscosity
°C microSemens millivolts Pa s at 50 torque
Budweiser Budvar 20 4.5 1583 -13.85 1.7'^
As this research was a continuation project from the work of Lake (1996), it 
was considered important to expand the work and investigate additional model beer 
components. It had been shown that carbohydrate species such as beta glucans and 
starch molecules affected filtration performance (Czech 1995, Gan 1997). It was 
decided therefore to investigate these potential foulants. The identification and 
quantification of the model components in solution was considered to be significant 
for the identification of fouling methods both on and in the membrane. The physical
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parameters of the model beer were compared with a pilsen beer (Budweiser Budvar) 
to ascertain its suitability as a model representative.
4.2 Selection o f the model beer components.
To produce a realistic beer, alcohol in the form of ethanol was a necessary 
component. As this research continued the work of Lake (1996) it was expected that 
the model protein used would be BSA. As the selection of the carbohydrate 
components for the model beer was a new area of research, a large proportion of time 
was spent investigating and selecting suitable components.
4.2.1 Ethanol.
In the brewing process, when yeast is added to carbohydrates and amino acids 
in solution, the eukaryotic cells produces carbon dioxide, ethanol and energy (Hough 
1991). Higher (fusel) alcohols are also formed during fermentation and add to the 
flavour of the final product. In a typical pilsen beer, the total alcohol content is 39.3 
ml L'^ (Moll 1991).
The experimental filtration results of a solution of deionised water and 
ethanol at a concentration of 0.4 % (v/v) alcohol produced very little signs of total 
flux decline (data not shown). As a result o f its size (MW 46 Daltons) and low 
concentration in the experiment, it would be expected that the water and ethanol 
experiments would not experience much of a decline in flux, or indicate obvious 
signs of fouling.
4.2.2 Protein.
The model protein chosen for the model beer was Bovine Serum Albumin 
(BSA). This is an ellipsoidal globular protein with the dimensions of 11.6 x 2.7 x 2.7 
nm^ (Bowen 1990, Güell 1996). Although BSA may not be the most suitable protein 
to be used in a model beer solution since it is not a plant protein, albumins and 
globulins from plant sources do occur naturally in beer. This was one of the reasons 
this protein was originally selected as the model protein component by Lake (1996). 
This was in addition to the fact BSA has been a very widely studied protein with 
results readily available in the literature.
46
Model beer solution
The results of a standard BSA flux decline curve are presented in Figure 4.2. 
It showed a rapid initial drop in flux followed by a further gentle reduction over time. 
Similar results were also described by Lake (1996) regarding protein flux decline. 
The protein BSA was assayed using the Lowry method outlined in Chapter 3.
250
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2000 4000 
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6000 8000
Figure 4.2. BSA flux decline curve.
(Protein concentration 2 g L \  crossflow velocity o f  1 m s'^  & transmembrane pressure o f  1 bar)
4.2.3. Results for the selection of suitable carbohydrates.
In the filtration of beer it is proposed that carbohydrate species affects 
performance (Gan 1997). This section looks at the potential fouling behaviours o f a 
range of carbohydrates that have been considered as model beer components. There 
are at least 23 main groupings of carbohydrates (Moll 1991) present within a pilsen 
beer, with simple sugars such as glucose increasing in complexity to dextrins, 
pentosans and glucans. To use all the requisite carbohydrates at suitable 
concentrations would make the quantitative analysis of the beer complicated and 
expensive. Therefore, compromises have been made with the aim of identifying one 
large and one small carbohydrate component.
The data presented in Figure 4.3. shows the permeate flux decline profiles for 
carbohydrate solutions with concentrations of 500 mg L '\  a crossflow velocity o f
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1.48 m and a transmembrane pressure of 0.5 bar. The carbohydrates included the 
simple sugars of glucose & maltose, and the larger carbohydrates, dextrin & starch. 
The carbohydrate fluxes have different initial points 330 seconds into the 
experiment. This was the result of differing successes of the cleaning regime in 
restoring the clean water flux (data not shown). These variations made the initial 
experimental carbohydrate comparison difficult, however, as fouling occurred 
swiftly these differences became a minor problem that could be disregarded 
especially as the steady - state flux proved to be reproducible.
4.2.3.1. Low molecular weight carbohydrates.
The low molecular weight carbohydrate candidates were glucose and 
maltose. It could be seen that in Figure 4.3. that the fluxes of glucose and maltose did 
not undergo large flux declines. These simple sugars were also tested at higher 
concentrations (data not shown). At the concentrations of 10,000 mg L'^ for glucose 
and 1500 mg L  ^ for maltose, the flux decline curves showed very little variation 
from the original decline curves for the concentration of 500 mg L'^ seen in Figure
4.3.
4.2.5.2. Polysaccharides.
The candidates for the model polysaccharide were starch and dextrin. Starch 
is a complex molecule composed of amylose and amylopectin, containing both 1,4 
and 1,6 glucosidic links. The two starch fractions have differing physical properties, 
both in molecular structure and molecular weight. Amylose possesses a linear 
structure with a molecular weight of 4"^  - 10  ^ Daltons, whilst amylopectin has an 
irregular, branched composition and a molecular weight of 2  ^ - 10  ^ Daltons 
(Encyclopædia 1970).
Starch is also the parent molecule for dextrin. Through decomposition by 
heating or by acid, starch is broken down to dextrin. The dextrin selected for the 
experiment was Dextrin type II; from com (Sigma, D2I31) which had a molecular 
weight of 63,000 Daltons, It was calculated that the dextrin would be composed of 
approximately 350 linked glucose units. The glucose units were linked together 
through a mixture of 1 - 4 and 1- 6 carbon atom links (Fix 1989). This arrangement 
leads to the increased possibility of dextrin -  dextrin interactions or dextrin - other 
component interactions forming larger branched aggregates with the potential to
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block pores and create fouling layers on membrane surfaces. In the case of beer, 
carbohydrate and protein (Meier 1995, Eagles 1998) or carbohydrate and 
polyphenols (Meier 1995) were found to act synergistically in a fouling capacity.
Dextrin was also referred to as alpha glucan. For the experiments undertaken 
in this research, the quantity o f dextrin used represented the total amount of glucans 
present in beer.
In Figure 4.3. it can be seen that the more complex starch molecules caused a 
total decline in flux of approximately 76 % from the original within 70 seconds. 
Starch was speculated in the literature as a possible beer foulant (Czech 1995, Gan 
1997), however was not listed as a measurable component of beer (Moll 1991). 
Therefore, for these experiments, starch was used to represent the quantity of higher 
beer dextrins found in a typical pilsen beer.
The cleaning of the starch from the membrane and the restoration o f the 
original clean water flux was found to be unrealisable. The cleaning techniques of 
alkali / acid washes, heated alkali, concentrated alkali, organic acid and even heating 
(baking) the membrane all failed to restore the level of clean water flux to the 
membrane.
From Figure 4.3, the dextrin flux profile declined by approximately 55 % 
over the 2 hour filtration period. Following the cleaning protocol, the clean water 
flux was restored and membrane could be reused.
To further assess the suitability of the polysaccharide candidates they were 
tested over the varying parameters o f concentration, crossflow velocity and 
transmembrane pressure.
4.2.3.3. The effect of concentration.
Experiments with varying starch concentration were not conducted for the 
reasons outlined above. Flux decline experiments at different dextrin concentrations 
are presented in Figure 4.4. The initial clean water values have been omitted from the 
presented data. The concentration of 6000 mg L'^ was originally chosen, because this 
was the dextrin concentration stated in a filtered pilsen beer (Moll 1991). This 
solution declined from the original clean water flux by 73 L m'^ h"\ achieving a 
steady - state of 35 L m'^ h '\  At the concentration of 2000 mg L'^ the initial flux 
declined rapidly from a clean water flux of 75 L m'^ h'^ to a steady - state flux of
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24 L m  ^ h \  The dextrin concentration of 600 mg L’  ^ (a ten fold reduction of the 
original concentration) was also tested. The duplicate 600 mg L'^ experiments 
produced flux profiles exhibiting a rapid flux decline.
In both cases they produced a high initial steady - state flux but over time, 
however human error occurred in adjusting the transmembrane pressure which 
disturbed the flux level, causing further flux decreases. At this concentration, clean 
water flux restoration and membrane reuse were made possible under the use o f a 
new cleaning regime, see Chapter 3 on cleaning.
4.2.3.4. The effect of increasing transmembrane pressure.
Experiments testing the effect of varying transmembrane pressure were not 
conducted on starch solutions.
The effects of increasing transmembrane pressure for the filtration of a 
dextrin solution are presented in Figure 4.5. The low transmembrane pressure o f 0.5 
bar produced the lowest fluxes, whilst a transmembrane pressure of 1 bar induced 
both higher initial clean water and experimental flux values. The larger clean water 
flux at higher transmembrane pressures resulted in the greatest potential flux decline, 
illustrated by the 1 bar flux. The decline in total permeate flux for 1 bar was 80 % 
compared to the 60 % total permeate flux decline for the 0.5 bar runs. The 
development of steady - state flux for the larger transmembrane pressure took twice 
as long (after 3000 seconds) compared to the lower 0.5 bar experiments which 
achieved steady - state after only 1500 seconds.
4.2.3.5. The effects of varying crossflow velocity.
Experiments testing the effects of varying crossflow velocities were not 
conducted with starch solutions.
The effect of varying crossflow velocity associated with the filtration o f a 
standard (600 mg L'^) dextrin solution are presented in Figure 4.6. The lowest 
crossflow velocity of 0.89 m s*^  produced the lowest final permeate flux of 
approximately 55 L m'^ h i '\  whilst the highest velocity of 2.0 m s'  ^ produced the 
largest final flux of 85 L m'^ hr'^
The lowest crossflow velocity of 0.89 m s'  ^ decreased the permeate flux by 
the largest amount. The final flux was 39 % of the original clean water flux. The 
Figure 4.5
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velocity of 1.48 m s'* showed a total decrease in final flux of 50 %, whilst the highest 
crossflow velocity of 2 m s * had a final flux 40 % lower than its original clean water 
flux.
The high steady - state flux produced by a 2.0 m s’  ^ experiment could not be 
duplicated as the membrane could not be sufficiently restored to a viable working 
clean water flux. A duplicate run with a clean membrane could have been attempted, 
but the current inability to restore flux would have left the membrane unusable.
4.3. Discussion of the selection of the model beer components.
4.3.1. Low molecular weight carbohydrates.
To ascertain suitability as the low molecular weight carbohydrate, glucose 
and maltose were assessed on their behaviour associated with flux decline and 
quantitative assessment.
The flux decline associated with the low molecular weight carbohydrates 
glucose and maltose, see Figure 4.3, was associated with the development of a 
concentration polarisation layer at the membrane surface. This would occur when the 
sudden influx of sugar blinds the membrane, the influence of the pressure differential 
will allow the accumulation of solute at the membrane interface which limits the 
permeate flux (Porter 1972). A further confirmation that the flux was reduced 
through the effects of concentration polarisation, was that the experimental clean 
water flux could easily be restored (Porter 1972, Mulder 1995). Over the duration of 
the experiment the low molecular weight carbohydrates established a constant final 
flux. The relatively minor decline in total flux inferred that the method of fouling did 
not greatly restrict the passage of flux across the membrane, even when the 
carbohydrate concentration was increased. The reduced impact o f the fouling could 
be explained by the size of the molecules - a single glucose molecule being only 1 
nm in length (AOAC 1984) whilst maltose is a glucose dimer.
As both of the low molecular weight carbohydrates were suitable for 
selection, the choice was determined by the ease o f component testing. To 
quantifiably test for the carbohydrates, the analytical test o f glucose (Trinder) was 
used, see Chapter 3 for more information. Glucose was most suited to this method 
and so selected as the experimental simple sugar.
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4.3.2. Polysaccharides.
The polysaccharides under consideration were starch and dextrin. In the case 
of starch, the experimental flux decline curve presented in Figure 4.3. was produced 
using a low concentration of only 500 mg L '\  It showed a rapid flux decline over the 
initial stages of the filtration. The rapid flux decline generated an increase in 
transmembrane pressure associated with the fouling processes. This was indicative of 
a fouling layer development as it increased the pressure differential with the internal 
solution pressure remaining constant whilst the pressure at the permeate pressure 
gauge started to decrease. This decrease in permeate pressure was caused by the 
reduction in available energy for the driving force, having had to overcome 
additional fouling layer obstruction. This offset of the applied pressure difference is 
also an indicator that concentration polarisation is occurring (Field 1993).
The flux experiments were all designed to be run with a constant pre­
designated transmembrane pressure. However, since the rig was initially fitted with 
electronic pressure gauges, transmembrane pressure corrections relied on regular 
labtech notebook screen updates. This was particularly important as any incorrect 
permeate valve alterations were reflected in the recorded flux data. This led to the 
placement of an analogue pressure gauge on the permeate side o f the membrane. 
Although fouling still occurred over the initial stages of the experiments the 
improved ease of manual corrections reduced the impact on the experimental 
outcomes.
From the experimental results seen in Figure 4.7, starch follows the same flux 
decline profile inducing fouling as that experienced in the filtration of beer. 
However, the concentration of starch is well below the value proposed to accurately 
model the large carbohydrates in beer.
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Figure 4.7. Flux decline comparison between starch (500 mg L'^) and pilsen beer.
It was projected that the speed of the flux decline for starch at a concentration 
of 6000 mg L  ^ would make studying the flux decline mechanisms very difficult. The 
inability to clean the membrane used to filter only a 600 mg L‘  ^ starch solution also 
inferred that this would be an inadvisable and costly objective.
The cleaning of the membrane and the restoration of the clean water flux has 
become very important to the investigation of the long chain carbohydrates. It was 
found that the membrane used to filter the starch shown in Figure 4.7, would not 
clean to an acceptable standard (clean water flux in excess of 100 L m'^ hr'^) using 
any of the cleaning protocols attempted. The restoration of the clean water flux was a 
particularly important goal, as the experiments were to be duplicated through the 
used of the same membrane. Thus reflecting industrial conditions, which would 
require the membranes to be cleaned and reused without encountering any problems.
The flux decline of dextrin was compared with the flux declines of a pilsen 
beer and a 1:10 pilsen beer concentration in Figure 4.8.
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Figure 4.8. Flux decline comparison between dextrin (500 mg L'^), pilsen beer and
1:10 pilsen beer.
The flux decline of the dextrin at a concentration of 500 mg L'^ bears no 
resemblance to the pilsen beer, however it did illustrate a comparable flux decline 
profile and final flux to the 1:10 pilsen beer concentration.
The dextrin experiment also demonstrated that the cleaning protocol was 
suitable for this carbohydrate and that the clean water flux could be restored. The 
dextrin was therefore nominated for further testing as the model beer polysaccharide.
4.3.2.I. The effect of concentration.
The purpose of experimenting with a range of dextrin concentrations was to 
assess the impact of concentration on membrane fouling and from this decide upon 
the concentration of dextrin that should used within the model beer. The range tested 
was from 6000 mg L*^  (correct concentration present in beer) to 600 mg L'^ (1/10^^ 
concentration in beer). From the experiments conducted over this range o f dextrin 
concentrations and presented in Figure 4.4, it was concluded that the use of the more 
dilute solution reduced the effects of fouling, making it easier to identify and study 
the fouling mechanisms.
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The use of a dilute solution was also important to enable cleaning and 
restoration of the clean water flux. It was found that for the dextrin experiments with 
concentrations of 6000 mg L  ^ and 2000 mg L '\  it was impossible to remove the 
level of dextrin fouling from the membrane and restore a clean water flux exceeding 
100 L m'^ h'^ under the conditions of a crossflow velocity o f 1.48 m s'  ^ and a 
transmembrane pressure of 0.5 bar. If this flux level was not achieved using clean 
water the membranes was deemed useless for further repeat experiments. The 
experimental results for these higher concentrations were not replicated to avoid the 
unnecessary redundancy of further membranes.
Therefore, the most suitable dextrin solution concentration was concluded to 
be the 600 mg L*^  concentration, representing a 1:10 concentration of the original 
dextrin value. This concentration will be used as the standard dextrin figure in the 
subsequent experiments with varying physical parameters. Although these results 
will not be directly comparable with beer, they will allow investigations to be 
conducted into the fouling mechanisms associated with the crossflow of dextrin and 
model beer, which will in the future can be extrapolated to include a higher 
component quantity and related fouling.
4.3.2.2. The effect of increasing transmembrane pressure.
Ranges of transmembrane pressures were investigated to assess whether this 
was an important parameter in the development of fouling layers during filtration. 
This is relevant to beer because the process o f crossflow filtration needs to balance 
the potential removal of components in the fouling layer with a cost efficient product 
flux.
The results of Figure 4.5. showed that the flux decline of the dextrin solutions 
occurred at a faster rate at a higher transmembrane pressure. The reduction in flux 
would imply that at higher transmembrane pressures the membrane becomes fouled 
more quickly. It was seen that the addition of the dextrin solution caused an 
instantaneous flux decline upon reaching the membrane.
It has already been illustrated in Appendix 4, Figure App 4.3. that a higher 
transmembrane pressure will produce a higher clean water flux. It is also the case 
that the larger the pressure differential over the membrane, the larger the flux decline 
experienced when filtration occurs. A result of the components in solution being 
drawn by the transverse flow to the membrane surface and being retained in the
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vicinity of the membrane (Song 1995). This was corroborated by the total flux 
decline of 311 L m'^ hr’  ^ produced by the 1 bar experiments compared to the average 
decline of 60 L m'^ hr'* for the transmembrane pressure of 0.5 bar, seen in Figure 4.5.
The higher driving force introduced the dextrin to the membrane more 
quickly, inducing internal pore fouling. The flux decline also occurred at the lower 
transmembrane pressure. However, as a result o f the lower initial driving force, 
fouling through concentration polarisation was considered to be the more dominant 
fouling form over internal fouling.
4.3.2.3. The effects of varying crossflow velocity.
A range of crossflow velocities were investigated to assess whether this was 
an important parameter in the development of fouling layers. This area of research 
would allow the identification of an optimum working crossflow velocity in order to 
generate the most product, in this hypothetical case beer, at the least cost.
The level of crossflow velocity dictates the flow structure within the filter. As 
the velocity increases the flow turbulence and shear also increase. The turbulence 
disrupts the zone where the boundary layer can support laminar flow. Membrane 
fouling occurs with the layer of the laminar flow. The turbulence disrupts the fouling 
layer, causing back transport processes (described in Chapter 2) to remove the 
fouling molecules and allow a greater passage of flux to occur. Hence, the basic 
antifouling principles behind turbulence promoters (Belfort 1994, Levy 1994, Wang 
1994, Kaminski 1997), and controlled centrifugal instabilities (Kaminski 1997, 
Mallubhotla 1997).
The turbulence induced disruption of the boundary layer can be used to 
explain the dextrin flux results produced in Figure 4.6. As the crossflow velocity 
increased, the flux rate also increased. The variation in starting clean water fluxes 
may have had an affect on the results, with the highest original velocities developing 
the lowest fluxes. But as has been seen in other experimental results, the final steady 
- state flux was independent of the clean water starting flux. The results of Figure
4.6. show that although the highest flux was produced by a crossflow o f 2.0 m s'*, the 
restoration of the clean water flux following the experiment was unachievable. This 
would indicate that permanent fouling had occurred, that under the current cleaning 
protocol could not be removed. It was decided that the most suitable working 
crossflow velocity for future dextrin experiments would be that of 1.48 m s'*.
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The maximum crossflow velocity used in filtration experiments with the 
model beer exceeded the velocity of 2.0 m s'* as an improved cleaning protocol using 
Ultrasil had been established.
4.3.2.4. Polysaccharide selection.
The selection of the polysaccharide is an important criterion in the production 
of the model beer. The model aims to replicate the fouling processes present in the 
crossflow filtration of a pilsen beer. The flux comparison between the 
polysaccharides and the pilsen beer seen in Figures 4.7. and 4.8. illustrated that the 
low concentration of starch replicated the flux decline curve of the pilsen beer, whilst 
the low concentration of dextrin replicated the flux decline curve of a diluted pilsen 
beer. This confirms that dextrin should be the choice for model polysaccharide.
The examples of model beers available in current literature use components at 
a strength to replicate a full strength beer. However, these experiments were 
conducted with virgin membranes that were only used for that single experiment 
only. One of the aims of this work is to produce high quality results from the reuse of 
the crossflow membranes.
However, the ability to clean the membrane, and restore the clean water flux 
was found to be a determining factor in the polysaccharide selection. The restoration 
of the clean water flux was found to be limited not only with respect to the 
experimental level of component concentration but also the maximum operational 
values for experimental crossflow velocity and transmembrane pressure.
On the basis of these results, dextrin was selected as the large carbohydrate 
component for the model beer solution, with the additional model beer carbohydrate 
fraction being composed of glucose.
The experiments assessing the flux decline of a dextrin solution over a range 
of transmembrane pressures and crossflow velocities were conducted at a 
concentration of 600 mg L *. This was due to the cleaning difficulties experienced 
with the higher dextrin levels. This in turn had implications for the whole model 
beer. It would inconsistent to operate a single component at one tenth of the original 
concentration without imposing the same limitations on the other constituents. 
Therefore, all model beer components were added at a concentration of one tenth of 
the original pilsen beer value (Moll 1991).
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4.3.2.5. Dextrin quantification.
To use dextrin successfully as the model polysaccharide, it was necessary to 
ascertain a suitable method for both identifying and quantifying dextrin within the 
model beer solution.
Three methods were attempted to quantify the amount of dextrin in solution. 
These included acid hydrolysis, enzymatic digestion and colourisation. The 
methodologies for these were covered in Chapter 3. However, of the three methods 
only the colourisation experiments were successful in detecting the correct amount of 
dextrin present in a solution. The results of acid hydrolysis and enzymatic digestion 
have been included in Appendix 3.
4 3.2.6. Colourisation through addition of Lugols solution.
Lugol solution or Iodine/Potassium Iodide solution is a well-known brewers 
diagnostic test for the detection of starch conversion (Letter 1995). It is used as a test 
for amylose (starch constituent) presence in beer (Letters 1995). The straight chain 
amylose in the solution traps the iodine atoms and undergoes re-arrangement to a 
helical structure (a). This amylose — iodide complex has a characteristic blue colour.
The results in Table 4.2. show the relative dextrin concentrations in the 
presence of the additional model beer components.
Table 4.2. Dextrin Concentration results using Lugols Solution.
Concentration Volumetrically corrrected
Dextrin mg L'i mg L'^
1 Original Feed (+rig dilution) 493.13 488.20
2 Feed (after 30 Seconds) 469.03 455.25
3 Permeate (after 30 Seconds) 31.25 0.32
4 Potentate (after 30 Seconds) 469.03 4.11
Missing (=1-2-(3+4) 28.52
The original concentrations can be volumetrically corrected to give accurate 
mass values for the calculations of the missing dextrin values.
The results in Table 4.2. showed that this method produced good results, 
allowing reliable and reproducible quantification of the dextrin even in the presence 
of the components involved in the model beer. This detection method was used to 
assay for dextrin in all the model beer samples.
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4.4. Construction of the model beer -  results and discussion.
This section outlines the discussion of the flux decline experiments using 
solutions of combined components including dextrin & ethanol, dextrin & glucose, 
and dextrin & BSA. The results for the definitive model beer are also presented and 
discussed.
The resulting model beer was then assessed against the physical parameter of 
a pilsen beer and a 1:10 dilution together with filtration ability through a Carbosep 
0.45 p,m crossflow filtration membrane.
4.4.1. Dextrin and ethanol.
The effect of adding ethanol to a dextrin solution prior to filtration had very 
little obvious influence on the nature of the flux decline curve when compared with 
the flux record of a dextrin solution under the same conditions (data not shown).
Although little effect of fouling was seen in this data, in an actual beer it is 
possible that the alcohol could interact with the carbohydrate compounds. Literature 
shows that starch — alcohol interactions can be achieved through physical sorption 
and swelling of the starch (Tomasik 1998). Therefore, it could be speculated that at 
as dextrin is a hydrolysis product of starch, swelling of the dextrin molecules may 
also occur. This would cause the effect of beer fouling to be amplified as the dextrin 
molecules increase in size as a response to the alcohol in the model beer. The lack o f 
fouling in these dextrin — ethanol experiments could be an indication that the added 
components were at a concentration that was too low to achieve the aforementioned 
result.
In the case of beer, there are reports that the concentration of ethanol causes 
flux decline through the formation of polysaccharide gels. Additional hydrogen 
bonding between adjacent polysaccharides could result from an increased 
concentration of ethanol in the solution. This has been a suggested method for both 
the formation of beta glucan gels and dextrin precipitation (Letters 1995). This 
phenomenon is achieved at a higher ethanol concentration than used within these 
experiments, so may have a bearing on model beer experiments conducted at full 
strength concentrations.
(a) http://antoine.fsu.umd.edu/chem/senese...ox/fag/starch-as-redox-indicator.shtml (14/3/00).
63
Model beer solution
4.4.2. Total carbohydrate - dextrin and glucose.
From the earlier experimental data, dextrin was selected to represent the 
polysaccharide in the model solution. The concentration of 600 mg L * was selected 
as it represented a ten fold reduction of the original dextrin concentration found in a 
pilsen beer and at this concentration the current cleaning regime could restore clean 
water flux back to a satisfactory level. To make the model solution representative of 
the total amount of carbohydrate present (28 g L’*) in a beer, glucose was selected as 
the model for all the other carbohydrate components. Consequently, glucose was 
added at a concentration of 2200 mg L'*.
The flux profiles of these carbohydrate experiments all exhibited a rapid flux 
decline gradually leading to the establishing of a steady - state flux. The dextrin and 
glucose experiments dropped to a lower flux level than that of a pure dextrin 
solution. The duplicated runs displayed a steady - state flux of approximately 65 
L m  ^h * whilst the dextrin steady - state flux was 83 L m'^ h * as seen in Figure 4.9.
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Figure 4.9 Comparison of dextrin and dextrin & glucose flux decline curves. 
(Crossflow velocity 1.48 m s-1, transmembrane pressure 0.5 bar.)
Total carbohydrate concentrations Dextrin 600 mg/L, Glucose 2200 mg/L
The lower combined flux that occurs during filtration was the result o f the 
increase in carbohydrate concentration in solution. The greater flux decline inferring
64
Model beer solution
that the fouling incorporated both dextrin and glucose. This may take the form of a 
more complex fouling layer.
Although the duplicate experiments of total carbohydrate started at differing 
clean water fluxes, they both achieved final fluxes of 65 L m'^ h *. This illustrated 
that although one membrane may have become more strongly fouled (indicated by 
the greater drop in flux), the reproducible final flux level indicated that the method 
and structure of fouling became standardised permitting an identical level o f flux to 
permeate through the membrane.
4.4.3. Dextrin and BSA.
Dextrin was also filtered in combination with the model protein, BSA.
The resulting flux decline curves showed that the pure dextrin sample had a higher 
steady - state flux of 83 L m  ^h * whilst the combined runs resulted in a similar rapid 
flux decline but deteriorated to a final flux of 45 L m'^ h‘* as seen in Figure 4.10.
From the graph in Figure 4.10. it can be seen that the decline in the dextrin flux is 
very rapid. After 500 seconds the flux decline starts to become more gradual in 
nature but still declines a further 35 L m'^ hr'* over the duration o f the experiment. 
Whereas the combined solution of dextrin and BSA illustrates a gradual flux decline 
after 800 seconds and only declines by a further 10 L m'^ hr'*. The flux decline 
produced by the dextrin and BSA solution was more gradual as if  the added protein 
slowed the fouling process. This may have implications for the structure o f the 
fouling layer as it infers that both components are involved in the reduction of the 
flux capability.
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Figure 4.10. Comparison of dextrin and dextrin & BSA flux decline curves.
The BSA molecule is a well-studied membrane foulant. Fouling was 
proposed to occur as a result of dénaturation induced protein aggregation. 
Dénaturation can result from re-circulating a protein solution through a peristaltic 
pump (Kim 1991) or be induced through the effects of temperature, crossflow 
velocity and pressure (Meireles 1991). These denatured proteins can than aggregate 
through free thiol oxidation and intermolecular thiol -  disulfide interchange reactions 
(Füdbfl994).
When the protein and carbohydrate are filtered together they produce a more 
severe form of fouling evident by the lower permeate flux level. Whether this was a 
result of synergistic reaction between the two as proposed by Meier et al (1995) or 
simply one component fouling on top of another, cannot be explained at this point.
The use of protein in the experimental solution was also found to increase the 
problems associated with the control of transmembrane pressure. This indicated rapid 
fouling occurring either on or within the membrane. The partial offsetting of the 
applied pressure difference is also indicative o f the concentration polarisation 
process (Field 1993). To achieve a constant transmembrane pressure required 
constant pressure manipulation through the permeate line value on the part o f the 
experimenter. These adjustments may have altered the true flux decline data, 
however, even with a variation in their starting clean water fluxes, the protein and
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carbohydrate experiments showed excellent repeatability in the flux decline profiles 
and steady - state values.
4.4.4. The model beer.
The flux decline curves resulting from the filtration of a model beer are 
presented in Figure 4.11. The experimental model beer solution was composed of 
glucose and dextrin to represent the total carbohydrate content, BSA representing the 
protein and ethanol representing all alcohols. The experimental concentrations were 
run at a tenth of the original beer strength. The duplicate model beer experiments 
although starting from different clean water fluxes showed an almost identical flux 
decline and steady - state flux of 43 L m'^ h"\ indicating good experimental 
reproducibility. This flux was at a lower steady - state level that that achieved by the 
original dextrin solution also shown on the graph.
To assess the viability of the chosen model beer solution its flux decline was 
assessed alongside those o f a 1:10 beer dilution and a beer. See Figure 4.12.
67
iC/3
I
Ï
a
1
g
I(/}
I
I
I
I
I
'o
I
I
f
I
Î Ï Ï
i s
a !0 -
Î
i
PQ
Xj
B
o
oVO
s |
. f j
l l '
g ;
CA 0) 
1 1
1 1
11
l i
CD CD
CD CD
O) O)
c
'l- CD CD
X - a ■D
CD o O
Q
♦ 0
M
M
M
M
M
M
E:I
K
W 0
o
o
o
00
o
o
o
CD
<f)
■D
c
o
Ü
CD
0(/)
^0
E
H
o
o
o
CM
o O O O O O
ID O ID O ID
CM CM
 ^M  ^UJ1 xnid
Model beer solution
It was concluded that the model beer presented here was suitable for the 
assessment of the fouling mechanisms associated with a dilute beer. Figure 4.12. 
showed that the flux of the model beer fouled more swiftly than that of the 1:10 
dilution beer. The 1:10 beer run appeared to have a clean water flux higher than that 
of the model beer, which may have had a bearing on the results. However, the two 
solutions appeared to share a similar steady - state flux level around 3900 seconds.
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Figure 4.12. The relative flux declines of the model beer, 1:10 beer and beer 
conducted under the conditions of 1.48 m s’  ^ crossflow velocity and 0.5 bar.
To further justify the suitability of the model beer as being a good model for a 
1:10 diluted pilsen beer, the physiology of the solutions were tested. The tests were 
conducted on the various solutions to assess the pH, conductivity, zeta potential and 
viscosity at the working temperature of 20 °C. The results are presented in Table 4.3. 
The main experimental alteration that was made following this work was the 
correction of the pH of the model beer to 4.8 from 6 .6 .
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Table 4.3. Comparative physiological parameters of model beer, 1:10 beer and beer.
Temperature pH Conductivity Zeta Potentiai Viscosity
°C microSiemens millivolts Pa s at 50 torque
Budweiser Budvar 20 4.6 1583 -13.85 1.7-3
1:10 Beer Dilution 20 4.8 241 -14.25 1.2-3
Model Beer @ pH 4.8 20 4.8 53.4 -12.6 1.2-3
Model Beer @ pH 6.6 20 6.6 41.2 -14.55 1.2-3
Deionised Water 20 6.6 19.4 -12.15 1.2-3
4.4.4.1. Tem perature.
Commercial beer is kieselguhr filtered at an ideal temperature o f-1  °C (Moll 
1991). This effects the removal o f all micro-organisms, colloidal particles and the 
haze precipitates. In crossflow beer filtration experiments similar low temperatures 
of between -1 and 3 °C were used (O’Reilly 1987, Blanpain 1993, Burrell 1994, Gill 
1994, Walla 1994, Gan 1995, F&S 1997, Blanpain-Avet 1999, Taylor 1999, 
Noordman 1999). However research has also been conducted into filtration at higher 
temperatures between 10 and 20 °C (Gir 1992, Schlenker 1994, Blanpain-Avet 
1999b). As this work was conducted with a model beer and was a continuation of the 
studies of Lake (1996), the temperature of 20 °C was retained as the experimental 
working temperature. This corresponded to the similar high operating temperatures 
of the other model beers research available in the literature which operated at 
temperatures of 12 °C (Stopka 2000) and 20 °C (Eagles 1997, 1998, 2000).
4.4.4.2. pH.
The pH of a traditional Pilsner is 4.6 (Hough 1991). This was verified by the 
experimental work undertaken with Budweiser Budvar and seen in Table 4.3. The 
1:10 dilution had a pH of 4.8. It would therefore be suitable for the model beer to 
operate at this new pH value. Figure 4.13 showed the variation in results obtained 
using the change in pH. The experiments were conducted under the conditions o f the 
standard model beer, a crossflow velocity o f 1.48 m s'  ^ and a transmembrane 
pressure of 0.5 bar, with the flux variation resulting from differences in isoelectric 
states generated by protein in the model beer. At pH 4.7 BSA is at its isoelectric 
point (Hlavacek 1993, Palecek 1994, Giiell 1996, Prandanos 1996). Away from this 
pH, at pH 7 for example, the fluxes are higher (Belfort 1993, Mochizuki 1993) as can 
be seen in Figure 4.13.
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Figure 4.13. Comparison of the model beer flux decline with differing solution pH
values.
4.4.4.3. Conductivity.
The conductivity of beer was measured by the electrical conductance caused 
by the individual salts found to be present in solution. The raw materials o f malt and 
water, together with the method of beer production used, will all influence the ionic 
concentration of the beer.
The experimental results of conductivity are shown in Table 4.3. The 
Budweiser beer sample had the highest conductivity, therefore the largest ionic 
concentration, derived from the water and malt ionic concentration and the beer 
processing methods. The 1:10 diluted beer sample showed higher than expected 
values. This was possibly due to an uneven distribution of ions in the original beer 
when the sample was taken for dilution. The model beer had a very low ionic 
concentration when compared with the other solutions. This was because it was made 
using de-ionised water. The source of the additional conductivity was due to the 
added Hydrochloric Acid, and BSA.
To alter the ionic concentration to a value on a par with that o f real beer was 
considered to be an unnecessary complication for this experimental work. At the 
moment we cannot differentiate the individual affects of the ionic concentration in 
any beer — membrane relationship. This may however be an area for future research.
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4.4.4.4. Zeta potential.
The electrokinetic or zeta potential (Ç) is a measure of the electrical potential 
at the hydrodynamic radius of the particle (Bowen 1996). It is an important measure 
of particle -  particle and particle - surface interaction (Huismaan 1998). Therefore, 
the magnitude of the zeta potential plays an important role in the fouling mechanism 
of filtration. Application of the zeta potential to fouling assumes that attraction is due 
only to electrostatic forces, and does not involve chemical bonding o f any form 
(Morris 1968). Apart from pH, the other physical property found to affect zeta 
potential is the ionic concentration of the solution.
The electrostatic forces are calculated through the Smoluchowsky 
relationship (Malvern 1996) based on electrophoretic mobility measurements. These 
results are displayed as millivolts (mV) and can be either positive or negative in 
character. The zeta potential is strongly influenced by both the working pH and the 
ionic concentration. This is well demonstrated by the experimental results illustrated 
in Figure 4.14. The de-ionised water at a neutral pH has a naturally low zeta potential 
as very few charged migrating ions are available. However, when solutions of 
Hydrochloric Acid or Sodium Hydroxide were added, the excess ions migrated 
towards the electrodes inducing recordable charges. The addition of Hydrochloric 
Acid increased the positive hydrogen ion count, whilst Sodium Hydroxide increased 
the negative hydroxyl count. At pH 2.3 the zeta potential was positive whilst at pH 
11.5 there was a negative zeta value of -103.15 mV. These results showed an almost 
linear distribution in Figure 4.14. (the exception being the result at pH 11.5) with the 
zero potential achieved at the approximate value of pH 4.5.
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Figure 4.14. The zeta potential over a range of pH for water and the model
beer.
To ensure the suitability of the model beer, the resulting zeta potential was 
compared with that of both a 1:10 beer dilution and a full strength Budwieser Budvar 
sample. The beer sample was measured at pH 4.5 and produced a potential reading of 
-13.85 mV, the 1:10 beer is measured at pH 4.8 and produced a potential o f -14.25 
mV, whilst the model beer at an identical pH had a potential o f —11.15 mV. The 
difference can be explained by the fact that beer is a more complex solution than the 
model beer with a greater diversity of electrically charged eomponents present.
The model beer relied on its protein content to convey the zeta potential, 
shown in Figure 4.15. This was because carbohydrates carry no charge as seen in 
Figure 4.11. The polysaccharide dextrin and water have the similar charges o f -14.05 
mV and -12.15 mV respectively at pH 6 .6 .
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Figure 4.15. The experimentally tested solutions zeta potentials.
At the same pH of 6 .6 , Bovine Serum Albumin dissolved in water had a large 
negative charge o f -36.15 mV. This was comparable to the literature value o f -21 
mV achieved under the conditions of pH 6 and an ionic concentration of 0.03 mol.l’  ^
Sodium Chloride (Bowen 1996).
The model beer when tested over a range of pH’s had low zeta potential 
readings, see Figure 4.14. The addition of Hydrochloric Acid caused the potential to 
increase. At pH 2.3 the potential was 18.4 mV. The addition of Sodium Hydroxide 
caused the zeta potential to decrease very little, indicating that the added negative 
ions were bound to the model beer molecules or are buffered within the solution, so 
were not able to influence the zeta potential. The model beer has an isoelectric point 
(the equal adsorption of negative and positive ions) at approximately pH 3.5. This 
charge was mainly determined by the Bovine Serum Albumin present in the model 
beer. The isoelectric point of Bovine Serum Albumin is between pH 4.7 -  4.9 
(Matthiassson 1983, Sakena 1994, Prandanos 1995). At the isoelectric point the 
electrophoretic velocity is zero and substances are prone to flocculation as a result o f 
minimum solubility (Singh 1996b). The maximum permeation at the isoelectric point 
reflects an open structure associated with the formation of large particles due to the 
lack of electrostatic repulsion (Senyo Opong 1991).
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The model beer had a charge o f -11.15 mV at the experimentally induced pH 
of 4.8 .The information supplied with the Carbosep membrane (Tech Sep 1999) stated 
that the isoelectric point of the membrane was at pH 5. If the pH is greater than 5 the 
charge was negative, whilst below pH 5 the charge was positive.
The membrane was negatively charged when clean water was being re­
circulated around the rig. When the negatively charged model beer was introduced to 
the membrane the zeta potential altered to adopt a positive charge allowing 
electrostatic interactions to occur between the membrane and the solution. According 
to the literature during filtration, any protein adsorbed will confer their charge on to 
the membrane (Ho 1999). To further investigate and explain this research was 
outside the remit of this project.
4.4.4.5. Viscosity.
The average viscosity of a lager was 1.45 mPa s'  ^ (Hough 1991). For beer 
samples produced from a miero brew, the tested viscosity ranged from 1.33 -  1.69 
mPa s '\  with the average viscosity being 1.45 mPa s'  ^ (Stewart 1998). This made the 
viscosity comparable to the sample of Budweiser Budvar which was 1.7 mPa s '\  see 
Table 4.3.
The viscosity of beer was stated in the literature to be influenced by the beta 
glucan and arabinoxylan components. The presence of beta glucan could increase 
the viseosity through the formation of gels, whilst arabinoxylan being more water 
soluble could produce a more viscose solution (Stewart 1998). The dilute beer had 
undergone a nine fold reduction in these components and so produced a lower 
viscosity. The model beer does not include either of these viscosity influencing 
components, so relied only on the protein, carbohydrate and ethanol to produce the 
resistance of the liquid to sheer forces (and hence to flow).
The measurements of viscosity for the experimental solutions enabled the 
calculation of the Reynolds number within the tubular membrane, see Table 4.4. The 
method for the determination of viscosity can be seen in Chapter 3. The Reynolds 
number (Re) defines the hydrodynamic status of flow for the membrane tube, and is 
calculated through the use of the equation shown in equation 4 .1.
Re = ^  (Eq4.1)
/i
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Where u is velocity (m s'^), d  is pipe diameter (m), p  is density (kg m’^ ) and p  
is viscosity (Ns m )^. In the case of these experiments the velocity was calculated
„ flowrate . . . .  . , ,  . ,
' * 2— ’ IS the variable m the equation. The pipe diameter is 0.006 m, the
density was taken to be the same as that of water at 998 kg m^ (Perry 1973), and the 
viscosity standardised as that of water at 20 °C of 0.001 N s m'^ (Coulsen 1990).
Table 4.4. The viscosity of experimental fluids.
S o lu tio n V isco s ity
Pa 8 at 20 °C at 50 Torque
Deionised water 1.2-3
Beer 1.7 -3
1:10 Beer 1.2 -3
Model Beer at pH 6.6 1.2 -3
Model Beer at pH 4.8 1.2-3
The viscosity for the deionised water seen in Table 4.4. was very similar to
the literature values which state that the viscosity of water is 1.002 mPa s (1
Centipoise) at 20 °C, with the error being ± 0.25 % (Perry 1973, Barnes 1989, 
Coulson 1990). It was therefore decided that the viscosity of water as seen in Table
4.4. should be used to represent the viscosity of the model beer. The beer sample 
showed a higher viscosity because it has a higher concentration (90 %) of 
components compared to the other solutions.
The experiments were run at a Reynolds number in excess o f 3000, or at a 
flow velocity in excess of 0.53 m s '\
4.5. Conclusion.
From the work undertaken in this chapter it has been decided that the model 
beer is a good physical models basis for 1:10 diluted pilsen beer.
The flux decline profile of the model beer at pH 6.6 shares the final flux level
with the 1:10 pilsen beer. However the alteration of the model beer pH to that o f pH 
4.8 altered the flux level, producing a lower level o f final flux, making it more 
comparable with the full strength beer.
The component compositions are based on a tenth concentration o f the 
original pilsen values (Moll 1991) as seen in Table 4.5. These components in
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solution produce an identical level of viscosity when compared to the 1:10 pilsen 
beer.
Table 4.5. Model beer components.
Solubilised in 1 Litre of de-ionised water
Dextrin 600 mg L'^
Glucose 2200 mg L'"'
Bovine Serum Albumin 500 mg
Ethanol 3.9 ml L'^
Acidified to pH 4.8
The zeta potentials are different, but this may arise from the difference in 
solution conductivity and the fact that the diluted beer will also contain other charge 
carry molecules. The flux decline profile o f the model beer at pH 6.6 share a final 
flux level with the 1:10 pilsen beer. However the alteration of the model beer pH to 
that of pH 4.8 has altered the flux level, producing a lower level of final flux, making 
it more comparable with the full strength beer.
This model beer will be used to assess the fouling behaviour associated with 
crossflow filtration over a range of transmembrane pressure and crossflow velocity 
variations. These results will be achieved through methods including the production 
of flux decline profiles, assessing component concentration data and retentate 
retention data, material balance production and visualisation. This work and 
subsequent diseussion will be presented over the next few chapters.
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Chapter 5. The effect of transmembrane pressure.
One aim of the work was to identify the effect transmembrane pressure had on 
the microfiltration of an established model beer. This was achieved by conducting 
experiments over a range of transmembrane pressures from 0.2 -  2.5 bar. The 
behaviour of both the flux and of the model beer components was assessed. This 
helped to ascertain whether any particular component was responsible for membrane 
fouling. These data are presented through a selection of experimental results including 
flux decline & component location or result manipulations including a retention ratio 
and a mass balance derived component value of material unaccounted for by analysis. 
The speculative conclusions can then be produced regarding the potential effect of 
transmembrane pressure on beer.
The individual experiments had 10 % reproducible errors associated with 
them. Instead of presenting these data with its associated error bars, the standard 
deviation of the experiments were illustrated, representing the reproducibility o f these 
data. Through the use of duplicate experiments the standard deviations were 
calculated over the duration of the experiments.
5.1. Results.
5.1.1. Flux decline affected by transmembrane pressure.
To determine the flux decline characteristics caused by the transmembrane 
pressure, the model beer experiments were conducted with transmembrane pressures 
of 0.2, 0.5, and 2.5 bar. In each case, the other parameters were kept constant, 
operating with a crossflow velocity of 1.48 m s '\  a pH of 4.8 and at 20° Celsius.
Different fluxes were observed when experiments using deionised water and 
the model beer solutions were tested over increasing transmembrane pressures. When 
the experiments were initially run using clean water, (see Appendix 4), the results 
showed that as the transmembrane pressure was increased, the flux responded by 
proportionally increasing in a linear fashion. However, thé initial high clean water 
fluxes could not be maintained following the introduction o f the model beer solution. 
The relative fluxes declined with time until a steady - state flux was obtained, see 
Figure 5.1. and Table 5.1.
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Figure 5.1. Flux decline curves for model beer at different transmembrane pressures. 
Table 5.1. Permeate flux decline after the addition of model beer.
Transmembrane Clean water flux Flux after 30 seconds Flux after 300 seconds Flux after 3900 seconds
pressure. Flux (L m'  ^ hr' )^ L m'^ hr‘^ % decline L m'^ hr‘^ % decline L m'^ hr'^ % decline
0.2 bar 70.7 67.5 5 39.5 44 30.6 57
0.5 bar 113.0 108.0 4 59.5 47 48.9 57
2.5 bar 712.5 185.3 74 69.0 90 50.3 93
As observed in clean water experiments, the initial fluxes in the model beer 
experiments are lowest at the lowest transmembrane, see Table 5.1. Over the 
experimental range of transmembrane pressures (from 0.2 -  2.5 bar) there is an initial 
clean water flux difference of 641.8 L m’^  h r '\  In Table 5.1 data are presented 
comparing the initial model beer flux (after 30 seconds), the flux at the end of the 
rapid decline phase (after 300 seconds) and the final flux (3900 seconds) for each 
transmembrane pressure.
At the lower transmembrane pressures of 0.2 and 0.5 bar, the final fluxes are 
43 % of the initial clean water flux for both transmembrane pressures. This occurred 
even with a 60 % difference between in the initial clean water flux o f 0.2 and 0.5 bar 
transmembrane pressure.
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The result obtained when a 2.5 bar transmembrane pressure are used show to 
that membrane contact with the model beer produced rapid flux decline. During the 
experiment, the flux is reduced to 7 % of the original clean water flux capacity.
5.1.1.1. Summary of flux decline.
• The flux declines over the duration of the experiment.
• As transmembrane pressure is increased the initial / final flux level is increased.
5.1.2. Component concentration values.
To assess the effect of transmembrane pressure on microfiltration, the 
concentration of each model beer component in both the retentate and permeate 
streams were measured. In the case of beer experiments, this procedure could be used 
to track particular components throughout the process o f filtration. This would ensure 
that vital components imparting flavour and colour were passing into the permeate and 
were not being removed through accumulation in a fouling layer.
The results for dextrin and BSA protein have been presented as percentages of 
the components in the original model beer, allowing direct contrasts between the 
differing amount of dextrin and protein in both the retentate and permeate. From these 
data conclusions can be inferred regarding the possible fouling of components on the 
membrane.
5.1.2.1. Concentration of components in the retentate and permeate streams.
The dextrin and protein concentration values for the retentate and permeate 
streams are presented in Figures 5.2. -  5.4.
Figure 5.2. shows the effect of a transmembrane pressure of 0.2 bar on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 5.2. Relative percentage o f dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a transmembrane pressure o f 0.2 bar.
From these data presented as Figure 5.2. it is clear that the concentration of 
both dextrin and protein in the retentate increases slightly, by 8% and 5 % respectively 
over the duration of the experiment.
For both dextrin and protein, the permeate concentrations are found to increase 
rapidly over the first 300 seconds as the residual clean water present in both the 
membrane chamber (on the permeate side) and in the permeate line was expelled. 
After 2100 seconds the concentration of the dextrin and protein has reached a 
maximum. From that point onwards both the dextrin and protein maintain a consistent 
concentration level for the remainder of the experiment.
Figure 5.3. shows the effect of a transmembrane pressure of 0.5 bar on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 5.3. Relative percentage of dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a transmembrane pressure o f 0.5 bar.
Figure 5.3. indicates that the concentration of both the dextrin and protein in 
the retentate stream increased by 12 % with time.
In the permeate, the 0.5 bar concentration maximum is reached after only 240 
seconds exposure to the model beer (540 seconds experimental time). From this point 
both the dextrin and protein in the permeate decline in concentration.
Once the maximum level of concentration is reached, the dextrin in the 
permeate proceeds to decline by an overall value of 10 %, whilst the protein 
concentration declines throughout the remainder of the experiment reducing the 
protein concentration by an overall value o f 45 %.
Figure 5.4. shows the effect of a transmembrane pressure o f 2.5 bar on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 5.4. Relative percentage of dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a transmembrane pressure of 2.5 bar.
It can be seen from Figure 5.4. that the retentate concentration for dextrin and 
protein increased by 15 % and 11 % respectively over the duration of the experiment.
The permeate maxima are achieved after only 90 and 120 seconds for protein 
and dextrin respectively after the model beer had been added to the rig. Following 
this, both the experimental permeate components decline in concentration. The dextrin 
concentration declines by 32 % from the concentration maximum, although over the 
latter stages of the experiment the concentration present in the permeate became 
steady at 40 %. The protein concentration in the permeate continues to decline over 
the duration of the experiment, falling by 50 %.
5.1.2.2. Summary of dextrin and protein concentration.
• An increase in the transmembrane pressure increases the speed of priming water 
displacement from the membrane chamber and permeate line.
• The retentate concentration increases by approximately 10 % over the duration of 
the experiment, indicating that not all the material is passing through the 
membrane into the permeate.
• As the transmembrane pressure is increased the amount o f component present in 
the permeate decreases.
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• There is a change in the BSA protein, behaviour between the transmembrane 
pressure of 0.2 and 0.5 bar.
• There is a change in the dextrin behaviour between the transmembrane pressure of 
0.5 and 2.5 bar.
5.1.3. Component retention.
The purpose of evaluating component retention is to specifically compare how 
the effects of increasing transmembrane pressure is reflected through the individual 
retention ratio of dextrin and the BSA protein. Component retention data produced 
using the method below would be a significant evaluating tool in tracking the 
components of beer during filtration. However, this would require accurate 
identification of specific components in both the retentate and permeate streams. This 
technique would be particularly important in revealing whether there was a 
transmembrane pressure range over which a particular flavour component, for 
example was specifically retained, thereby impairing the taste of the product.
The level of component retention in the retentate is obtained through the 
application of the equation 5.1. (Blanpain-Avet 1999c) to the individual dextrin and 
protein concentration data. The result will indicate the level of retention associated 
with that specific component at any specific point in time.
Ret=l-Cp/Co (Eq5.1)
Where Ret is retention within the retentate of specific solute (no units)
Cp Concentration of the permeate (mg L'^)
Co Concentration of the retentate (mg L’ )^
The resulting Ret values can be plotted onto a graph, from which it is possible to 
predict the relative concentrations of the retentate and permeate as schematically 
illustrated in Figure 5.5. The Ret values produced by equation 5.1. occur within the 
range 0 - 1.
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Figure 5.5. Diagrammatic representation of the retention equation Ret = 1- Cp/Co 
Where A Cp > Co
B Cp approaches Co 
C zero or low Cp, high Co 
The general trend seen in Figure 5.6. and 5.7. was that the retention values 
(Ret) increased over time as a result o f the permeate component decreasing in 
concentration whilst the retentate component concentration slowly increased.
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Figure 5.6. The calculated retention of dextrin with time.
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The retention of the dextrin in the retentate over the course o f a typical flux 
decline run is presented in Figure 5.6. It is clear that at all transmembrane pressures, 
the level of dextrin increases over the initial duration of the experiments. As the 
transmembrane pressure is increased the level of dextrin retained is also increased. 
The transmembrane pressure of 2.5 bar demonstrates the highest retention values. The 
level of retention does not increase significantly after 3000 seconds at any 
transmembrane pressure, indicating the establishment of steady - state values. The 
results at differing transmembrane pressures are seen to be very reproducible.
The quantity of protein retained within the retentate over the course of a 
typical flux decline run is illustrated in Figure 5.7.
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Figure 5.7. The calculated retention of protein with time.
The retention of the BSA protein over the course o f a typical flux decline run 
is presented in Figure 5.7. It is evident that at all transmembrane pressures the level of 
protein increases over the duration of the experiment. As the transmembrane pressure 
increases the level of the protein retained increases. The retention values for the 
protein at the higher transmembrane pressures are larger than those vales recorded for 
dextrin. At 2.5 bar the protein is retained at 0.9 Ret, whilst dextrin is retained at 
approximately 0.65 Rgf The protein retention data for individual transmembrane 
pressures are shown to be reproducible. Unlike the dextrin results, there would appear
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to be no trend towards the retention values becoming constant over the final stages of 
the experiment.
51.3 .1 . Summary of dextrin and protein retention values.
• The dextrin and protein retention increases over the duration of the experiment.
• The dextrin and protein retention increases with increasing transmembrane 
pressure.
5.1.4. M aterial balance.
The material balance was undertaken as there is dextrin and protein 
unaccounted for within the system. An example of this unaccounted for data would be 
the obvious variations between the retentate and permeate streams for protein in 
Figure 5.3. -  5.4. This material balance is an attempt to locate and quantify the 
missing components. This information will help to advance the understanding of 
fouling in the crossflow filtration of beer, as the model beer was designed to mimic a 
1:10 pilsen beer.
The experimental concentration values are used as a basis for the development 
of the component mass balance. As previously stated, the concentrations of the dextrin 
and protein in the retentate are found to increase with time. Due to the continual 
removal of permeate and retentate samples, the volume of the feed decreases. Flence 
in process terms, the mass of dextrin and protein decreases with time. Figure 5.8. 
shows the decline of protein in the feed.
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Figure 5.8. Mass of protein in the feed with time.
The standard procedure (see Chapter 3) determined that it was a pre-requisite 
to have the membrane chamber and permeate line primed with clean water to attain 
the working pressure for the rig at the start o f the experiment. This water was then 
required to be displaced by the model beer before any mass values could be accurately 
determined in the permeate. The total amount of water required to be displaced was 
8.2 ml.
These data for the mass of dextrin in the permeate stream at different 
transmembrane pressures are presented in Figure 5.9. In the case o f dextrin, the higher 
transmembrane pressures all show a maximum mass value occurring by 900 seconds, 
whilst at the transmembrane pressure of 0.2 bar the maximum mass value was reached 
after 2100 seconds. Upon reaching their initial maxima, the general trends associated 
with transmembrane pressure differ. At 2.5 bar the mass decreases to a steady - state 
value of approximately 4.5 mg. At 0.5 bar the mass decreases but started to increase 
values over the rest of the experiment resulting in the largest mass value o f 7 mg. The 
0.2 bar reaches it maximum and remains at the mass value of approximately 6 mg. 
The experiment was terminated after 3900 seconds when the final flux had achieved 
steady - state.
88
Transmembrane pressure
0.2 bar 
0.5 bar 
2.5 barO)
1000 2000 
Time (Seconds)
3000 4000
Figure 5.9. The mass of dextrin in the permeate with time
The results of the mass of protein in the permeate can be seen in Figure 5.10. 
The transposition of the clean water by model beer accounted for the gradual increase 
in the protein mass. Using 0.2 bar, the mass values reached a comparatively delayed 
maximum due to the reduced flow rate through the membrane caused by this low 
transmembrane pressure. The 0.2 bar pressure reaches its maximum mass of protein 
after 2100 seconds, whilst the experiments with 0.5 and 2.5 bar reaches their maxima 
after 900 seconds. Upon reaching the concentration maximum, the protein results 
diverged. The 2.5 bar results declines in mass to adopt steady - state at 1.5 mg. The 
0.5 bar results indicate that the mass declined to a steady - state value of 
approximately 3 mg. The lowest transmembrane pressure produces the highest mass 
values remaining constant at its maximum of approximately 5 mg.
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Figure 5.10. The mass of protein in the permeate with time.
5.1.4.1 Determination o f mass unaccounted for by analysis.
In an attempt to identify the quantity of components accumulated on or in the 
membrane at any specific time during the experiment, material mass balances were 
undertaken for the model beer components of dextrin and BSA protein. This basic 
material balance will be attempted where:
Material In = Material Out + Material Accumulated.
Such a material balance can be written separately for each identifiable component.
The batch nature of the crossflow system employed re-circulation of the 
retentate flow, which means that the mass of the material designated as the “Material 
In” would be constantly declining through the experimental runs. To obtain 
information with regard to composition, retentate and permeate flow samples were 
collected. The retentate samples were taken form the end of the retentate pipe flowing 
back into the reservoir at specific points in time. The permeate samples were collected 
from the end of the permeate line over specific time periods. For more details see 
Chapter 3. Each sample was weighed to determine volume, thus enabling the mass to 
be produced for each component in both the retentate and permeate streams. The mass 
of the feed entering the system for each of the sample times was calculated by 
multiplying the retentate concentration for that time by the volume of liquid present in 
the fluid reservoir.
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The mass of the feed leaving the system was calculated in the same way but at 
a later time stage:
Material In (Feed at ti) = Material Out (Feed at ti).
The known methods of component mass leaving the system are through the 
removal of retentate and permeate samples. The retentate removal was instantaneous, 
being collected from the end of the retentate pipe, whilst the permeate was 
accumulated over time. The results from the individual samples were added together 
to produce component mass results for accumulation over the duration of the 
experiment.
The membrane chamber and the permeate line also contained model beer and 
associated component masses. Although the component concentration will have been 
displaced by the next sampling stage, it was still required to be accounted for, thus 
enabling the mass balance to properly equate. Currently we can only project the values 
for the mixing and displacement of the water and model beer solution from the 
membrane chamber and permeate line based on the sampled permeate concentration 
values. It was therefore decided to use the average value. This was generated using a 
proposed minimum (based on the permeate concentration of that sample time, ti) and 
the maximum (based on the permeate concentration of the next later sample time, tj). 
For an overview of mass location see Table 5.2.
Table 5.2. An overview of component mass location.
Material In = Material Out
Feed at t^ Feed at tg
Retentate sample
Permeate sample
Residual mass within membrane chamber and permeate line
The mass balance undertaken within this thesis was a differential mass 
balance. Its function was to ascertain the mass values for dextrin and protein 
unaccounted for by analysis. This form of data manipulation was chosen so the 
unaccounted for mass at every time interval could be compared. However, this type of 
mass balance is very susceptible to errors, which become propagated throughout the 
data over time. Alternative data manipulation techniques that could have been used 
included the time average and accumulation mass balance.
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Over the initial stages of the flux experiments, there was a large decline in the 
permeate flux, indicating significant fouling was occurring. This was in combination 
with the dilution problems associated with the presence of the priming clean water.
The differential mass balance requires the flux to be at a nearly steady state 
level, however this is not the case with the experimental work until usually 300 
seconds into the experiment.
The concentration of the dextrin and protein in the permeate is important. The 
dilution effect is overcome by the experiments at different rates for each 
transmembrane pressure as illustrated below.
Transmembrane pressure Time maximum permeate
concentration achieved.
0.2 bar 2100 seconds
0.5 bar 540 seconds
2.5 bar 480 seconds
The increase to the maximum concentration in the permeate is a linear change 
over time see Figures 5.3. -  5.4. with the exception of the experiments conducted at 
0.2 bar (Figure 5.2.).
To compensate for this dilution effect, an equation constant can be added to 
the mass balance workings. This would allow the permeate over the initial stages of 
the data recording to be corrected. This would infer that the permeate is not affected 
by the dilution effect of the clean water.
C ,.m  (Eq 5.2)
Af = j r - 3 0 0
Ct=3oo The concentration of the permeate at 300 seconds
Ct =x The highest experimental concentration of the permeate at the time interval of 
X seconds
At Change in time (seconds) between the concentrations.
The result can then be multiplied by the time intervals up to the maximum 
permeate concentration.
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The experimental sampling locations for the components can be seen in Figure 5.11.
Feed (In) Liquid 
BSA 
Dextrin
Retentate (Out) 
Liquid 
BSA 
Dextrin
Membrane
Permeate (Out)
Liquid
BSA
Dextrin
Figure 5.11. The system boundary diagram.
The experimental concentrations and associated calculated component masses
required for the mass balances are presented in Appendix 5. The Appendix shows the
results obtained for a model beer experiment, conducted under the conditions o f 1.48
m s'  ^ crossflow velocity and 0.5 bar transmembrane pressure.
To calculate the missing material, the resulting data was applied to equation 5.3.
Fouling mass = F ti- (Ft] -  ( %  + Ft]) -  pres) (Eq 5.3)
Fti Original model beer mass at time 1 (mg).
Ft] Original model beer mass at time 2 (mg).
Rt] Retentate sample mass at time 2 (mg).
Ft] Permeate sample mass at time 2 (mg).
Pres Average mass of t] and tg for the membrane chamber and permeate line
A specific worked example for the calculation of the dextrin fouling the 
membrane can be seen in Table 5.4.
93
Transmembrane pressure 
Table 5.4. Worked example for the calculation of dextrin fouling after 120 seconds.
Location of dextrin. mg
Material In Fti 454.76
Material Out Ft2 442.52
Rtz 2.92
Ft] 0.76
Pres 2.49
Accumulated over 30 seconds (tg) 6.07
Accumulated over 120 seconds 42.97
The complete mass balance data sheet can be seen in Appendix 5. There are 
anomalous negative mass figures present in these data. The results presented as 
negative accumulated component mass represented a positive gain in component 
mass. This would occur when Ft] was a larger figure than Fti.
The dextrin and protein unaccounted for mass values are presented in bar 
charts, with the individual data points representing the average accumulated mass 
from duplicated experiments.
5.1.4.2. Determination of dextrin mass unaccounted for by analysis.
Data pertaining to the dextrin unaccounted for by analysis over time and a 
range of transmembrane pressures are presented in Figures 5.12 a, b c.
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Figure 5.12a. Mass values for dextrin unaccounted for by analysis at 0.2 bar over the
duration of the experiment.
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Figure 5.12b. Mass values for dextrin unaccounted for by analysis at 0.5 bar over the
duration of the experiment.
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Figure 5.12c. Mass values for dextrin unaccounted for by analysis at 2.5 bar over the
duration of the experiment.
In all cases the amount of dextrin unaccounted for by analysis decreases with 
time. The amount of dextrin unaccounted for, and presumed fouling, over the later 
stages of the experiment is seen to decrease as the experimental transmembrane 
pressure is increased.
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5.I.4.3. Determination of protein mass unaccounted for by analysis.
Data pertaining to the mass of protein unaccounted for by analysis over time 
and a range of transmembrane pressures are presented in Figure 5.13 a, b & c.
Time (Seconds)
Figure 5.12a. Mass values for protein unaccounted for by analysis at 0.2 bar 
over the duration of the experiment.
Time (Seconds)
Figure 5.12b. Mass values for protein unaccounted for by analysis at 0.5 bar 
over the duration of the experiment.
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Figure 5.12c. Mass values for protein unaccounted for by analysis at 2.5 bar 
over the duration of the experiment.
The results indicate that over time the unaccounted for protein mass values 
decrease, with the results of the 0.2 bar experiment becoming negative over the later 
stages of the experiment. When the transmembrane pressure is increased, the amount 
of unaccounted for protein mass is also seen to increase. Reproducibility proved 
difficult with the duplicate runs undertaken all producing negative unaccounted for 
values.
5.14.4. Summary of the material mass balance.
• The retentate mass declines over time.
• The permeate mass increases over time (dilution effect) and becomes steady - state
• Over time the unaccounted masses o f dextrin and protein both decline.
• As the transmembrane pressure is increased the unaccounted for mass results for 
dextrin decrease, whilst the mass values for protein increase.
5.2. Discussion.
5.2.1. Flux decline.
Throughout the experiments with both the clean water and model beer system 
— an increase in transmembrane pressure, led to a proportional increase in the initial 
flux. However, the model beer could not sustain the high clean water flux induced by
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the transmembrane pressure, see Figure 5.1. Instead the flux declined over the 
duration of the experiment, a direct result of the transmembrane pressure forcing the 
solvent containing solute through the membrane. Upon contact with this solvent the 
membrane would foul, thereby exacerbating further flux decline. It could also be seen 
in Figure 5.1. that these duplicated results indicate that increasing the transmembrane 
pressure does not necessarily produce the highest flux results (see the final flux values 
for the 2.5 bar compared with the 0.5 bar results). These results were also seen in the 
industrial beer filtration processes, see Tables 5x.5 and 5x.7.
At the lower transmembrane pressures of 0.2 and 0.5 bar, the final fluxes had 
declined to a level of 43 % of their initial clean water fluxes. This occurred even 
though the clean water flux at 0.5 bar was 60 % greater than the clean water flux at 0.2 
bar. The flux decline for the 0.2 bar experiments could be explained by the small 
driving force allowing the development of a fouling layer. It is known that the surface 
of the filtration membrane would develop fouling even in the absence of both 
transmembrane pressure and crossflow velocity (see the explanation of adsorption, in 
Chapter 8). Therefore, fouling was inevitable, reducing the flux level even at this very 
low transmembrane pressure. The flux decline experienced by model beer at a 
transmembrane pressure of 2.5 bar dropped to a level which was only 7 % of the 
original clean water flux. This indicated that the higher transmembrane pressure had a 
greater ability to reduce its own flux by fouling the membrane with the available 
components.
The research undertaken with beer has produced similar findings. Other 
researchers have observed that in the filtration of rough beer, at a low transmembrane 
pressure induced a low flux (Gill 1994, Burrell 1994), as an example of this, see Table
5.5.
Table 5.5. Flux through a Ceremem membrane (Gill 1994).
(Ceramem ceramic membrane, pore size 0.5pm, crossflow 2.5 m s ' \  and run duration 3 & 5
hours respectively).
Transmembrane pressure Final Flux Volume processed
bar L m'^  hr'i Litres
2.30 18.9 625.0
1.75 30.3 1740.0
0.75 10.4 478.8
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The low flux was the result of an insufficient pressure gradient being available 
to drive the permeate through the membrane or through the developing fouling layer 
and membrane.
The model beer flux decline data seen in Figure 5.1. illustrates that the 
transmembrane pressure of 0.5 and 2.5 bar share the final flux level of approximately 
50 L m  ^ hr \  In the case of these data, it would appear that an optimum working 
transmembrane pressure for this model beer and membrane was reached between the 
pressures of 0.5 and 2.5 bar. However, the aim of identifying the optimum 
transmembrane pressure for model beer was not an objective of this research, but is 
relevant to this discussion as it could possibly fall within the same range projected by 
experiments on beer. As no experiments were conducted between these 
transmembrane pressures, further eonclusions regarding the optimum working model 
beer pressure cannot be made.
The detection of an optimum working transmembrane pressure is known to be 
related to the type of beer and the membrane characteristics (Burrell 1994). 
Experiments have been attempted to identify the optimum working transmembrane 
pressure for both rough beer and tank bottom / yeast -  beer systems (Walla 1994, Gill 
1994, Burrell 1994) see Table 5.6.
Table 5.6. Comparison of optimum transmembrane pressures.
Source Optimum transmembrane Pore size Crossflow
pressure (bar) (microns) velocity (m s' )^
Own research (Model beer) 0.5 - 2.5 bar 0.5 1.48
Gill 1994 (Beer) 1.3 bar (selected) 0.4 2.5
Burrell 1994 (Beer) 1.3 bar 0.5 2.2
Walla 1994 (Yeast & beer) 1.5 bar 0.4 constant
Table 5.7. shows that for yeast and beer the flux reached a maximum flux at an 
optimum transmembrane pressure o f 1.5 bar. Further increases in transmembrane 
pressure only served to further decrease the flux.
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Table 5.7. Flux through a Ceremem membrane (Walla 1994). 
(ceramic membrane, pore size 0.4 pm, with constant parameters)
Transmembrane pressure Flux
bar L m'^  hr'^
0.5 24.00
1.0 32.90
1.5 37.25
2.0 30.31
2.5 20.82
A similar experiment with the filtration of maturation vessel bottoms showed 
that by doubling the transmembrane pressure from 1.4 bar to 2.8 bar in a 0.45 pm 
membrane, the flux declined (Le 1987). However, the filtration solution of the 
maturation tank bottom was chemieally treated and finings had been added, conferring 
a greater solid loading of 40-50 g solid L '\
These results show that the identification of an optimum transmembrane 
pressure will aid in the economic filtration of beer. Although a fouling layer will 
inevitably be present, once established (reducing the flux to a steady - state level) the 
optimum transmembrane pressure will permit the maximum amount of product to be 
filtered with minimum influence from the fouling. The most suitable working pressure 
for beer filtration is specific to the solution being filtered and the type of membrane 
used. The similarity in the optimum transmembrane pressure for the range of beers 
previously mentioned would infer that the deposition and general structure o f the 
fouling layer will achieve a degree of uniformity to enable the maximum passage of 
solution into the permeate.
The behaviour of the dextrin and protein alters over the range o f 
transmembrane pressures used for these experiments. The results of these behavioural 
changes are responsible for the differing levels of final flux produced, see component 
concentration values (see Chapter 5.2.2).
5.2.2. Component concentration values.
The concentration values are important because component concentration was 
itself a driving force. The concentration in the fouling layer will be higher than the 
concentration within the permeate or in the bulk. The differing concentrations will 
have attempted to reach equilibrium, in this case by passive diffusion through the
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membrane. Although, diffusion through the membrane has been largely ignored 
within the literature, Mulder (1996) considered it together with solubility to define 
permeability. However back transport from the membrane surface through shear 
induced diffusion is a recognised phenomenon (Belfort 1994).
It can be concluded that the effects of diffusion have been masked by the 
presence of the transmembrane pressure, which actively drives components through 
the membrane.
5 2.2.1. The concentration of components in the permeate.
The relative percentage of dextrin and protein within the permeate stream 
compared with concentration in the initial beer is of particular importance to this 
discussion. From these results, inferences can be drawn regarding the composition of 
the fouling layer which restricts the passage of flux through the membrane. From 
Figures 5.2. — 5.4. conclusions can be made relating to the behaviour o f the dextrin 
and protein over the duration of the experiment. The contrast between the figures 
shows that it is the working transmembrane pressure for the experiment that induces 
this behaviour.
For both dextrin and protein, the permeate concentrations were found to 
increase rapidly over the first 300 seconds of the experiment as the residual clean 
water present in the membrane chamber on the permeate side and in the permeate line 
was expelled. Therefore, these values did not give an accurate representation of the 
component concentration present in the permeate over the initial stages o f the 
experiment and so should be disregarded.
0.2 bar transmembrane pressure.
At the lowest transmembrane pressure of 0.2 bar, the dextrin and the protein 
are present in identical percentages in the permeate. This would indicate that a fouling 
layer (inferred by the total decline in permeate flux of 37 L m’^  hr'^) has developed 
and is permitting constant component fluxes through the membrane. From Figure 5.2. 
the composition of a fouling layer cannot be quantitatively established. However it 
could be speculated that both dextrin and protein are present in equal amounts. The 
components in the fouling may beneficially assist in the transmission of further 
components into the permeate stream, but at this point it cannot be claimed that this is
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truly the case, particularly with regards to these data gathered under the 
transmembrane pressure of 0.5 bar.
0.5 bar transmembrane pressure.
The conditions produced by a working transmembrane pressure of 0.5 bar infer 
a change in behaviour, particularly for the permeate protein. It can be seen in Figure
5.3. that over the duration of the experiment the quantity o f protein present in the 
permeate stream declines to 27 % of the original feed value. This decline in protein 
concentration is predominantly observed after 2000 seconds. As this is a closed 
system, the protein, if  not being transmitted into the permeate, is either present in the 
retentate stream or is included within a fouling layer. In contrast, the quantity of 
dextrin present in the permeate stream remains constant at around 60 %, inferring that 
a mechanism for constant transmission through the fouling layer and the membrane 
exists.
At this transmembrane pressure, a more dominant fouling layer is predicted to 
exist. This can be concluded from the larger total flux decline of 59 L m'^ hr'^ when 
compared with the 0.2 bar results. The increase in transmembrane pressure will 
increase the transverse flow, effectively increasing the driving force pushing more 
molecules to the membrane surface. As this flow cannot differentiate between 
molecules, it is therefore speculated that the composition of the fouling layer includes 
a higher percentage of protein than was present at 0.2 bar. It is the behaviour of these 
components within the fouling layer that determines the transmission of dextrin and 
protein into the permeate. It is proposed that the larger quantity of protein within the 
fouling layer is serving to reduce the protein transmission through the fouling layer 
whilst simultaneously allowing retention of protein within the retentate. This is 
indicated by the slight percentage increase in protein presence in the retentate stream.
The high level of dextrin in the permeate suggests that the fouling layer is 
demonstrating preferential transmission of this component. This would infer a high 
level of carbohydrate presence within the fouling layer. This composition o f a fouling 
layer has been observed in the crossflow filtration of beers and model beers. Meier 
(Meier 2000) found that all of the beer and model beer fouled membranes contained 
carbohydrate (suggested to be beta glucan in beer, known to be a beta gluean in his 
model). Research conducted by Taylor (2001) on different beers has indicated that in 
most cases the carbohydrates accounted for approximately 80% of the dry weight of
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the membrane fouling. The samples were assessed for the presence of beta glucans, 
the renowned beer foulant but the tests results did not prove positive (Taylor 1999). 
This would indicate that another form of carbohydrate was responsible for membrane 
fouling.
Taylor (2001) also tested the filtration membranes for protein, which was 
found to be present in disproportionally higher quantities on the membranes than in 
the original beer samples. This would indicate that protein was being accumulated 
within the fouling layer whilst the beer was being filtered. The argument that beer 
proteins are not major membrane foulants is supported by other researchers such as 
Gan (1997). Haffenreffer (1968) found that if  protein was present at the same or 
double the amount of carbohydrate present, the protein was not responsible for much 
of the fouling and was simply accumulating within the obstructing material when 
filtering specific beer samples.
Using dead end filtration with a model beer solution compose of carbohydrate 
(beta glucan) and protein, Meier (1995) found that in the filtration of this combined 
solution, the molecules could break or shear, enabling passage through a membrane, 
to then regroup or reform to foul a second identical membrane. The first membrane 
was found to be predominantly fouled by protein, whilst the second was fouled by 
both components. This demonstrated that in dead end filtration, protein will be 
retained by the membrane whilst a combination of both carbohydrates and protein can 
be transmitted into the permeate stream. It could be speculated that filtration 
associated with crossflow may produce a less protein dominated result as the 
hydrodynamics of the system can disturb and remove material from the fouling layer.
2.5 bar transmembrane pressure.
Between the transmembrane pressures of 0.5 and 2.5 bar there has been an 
alteration in the behaviour of the dextrin in the permeate stream. This can be observed 
to occur after a period of 2000 seconds. The percentage of dextrin found in the 
permeate is seen to obviously decline. In Figure 5.4 it can be seen that at this higher 
transmembrane pressure, the presence of dextrin although constant has declined to a 
concentration of only 40 %. This is previously unseen behaviour as the lower 
transmembrane pressures which illustrated that the dextrin achieved a constant 
concentration of approximately 60 % within the permeate.
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Over the duration of the experiment there was a total decline in permeate flux 
of 135 L m  ^ hr \  This would infer that a fouling layer had developed and was 
restricting the flux. However, the high transmembrane pressure of 2.5 bar produces 
the largest fluxes seen over the range of these experiments.
The high transmembrane pressure could serve to compact the fouling layer, as 
experienced with fouling cakes (Datta 1997) such as yeast from the filtration o f beer 
(Ryder 1988). In the case of model beer filtration, this reduces the amount of both 
dextrin and protein passing into the permeate. The compression of any fouling layer 
will cause an obvious suppression in the permeate concentrations together with an 
increase in component retention within the retentate. This can be seen occurring in 
Figure 5.4.
At 2.5 bar the same behaviour observed at 0.5 bar occurs — namely that the 
protein presence in the permeate stream decreases over time. The protein may be 
present within the retentate, but the majority is judged to be present within the fouling 
layer. The presence of the protein in the fouling layer is believed to be contributory to 
the reduced protein transmission through the membrane.
5.2.2.2. The concentration of components in the retentate.
The percentage of dextrin and protein present within the retentate is a 
consequence of the activity occurring in the permeate. The majority of the values for 
dextrin in the retentate are lower than one hundred percent. This produced 
implications for the material balance with regard to feed data reliability. This was not 
a problem encountered with the protein, which has consistently high concentration 
values implying the probability of its high retention within the retentate.
In the retentate over the duration of the experiment it appears that there is an 
increase in the dextrin and protein levels relative to the original model beer, as not all 
the components are successfully passing through the membrane into the permeate. 
Other possible reasons for the increase in eoncentration include the processes of 
solution de-watering and eomponent breakdown.
De-watering is literally the removal of water, in terms of crossflow filtration, 
this process can be used to increase the percentage weight of solid concentration in the 
retentate. An example of this would be the concentration of magnesia during multiple 
pass thickening with continuous feed. After 100 minutes filtration time the solid 
eoncentration had increased in weight by 30 % (Holdich 1996). This effect will work
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in conjunction with the development of a fouling layer. The rejection of the solute will 
allow solvent to pass through the membrane.
The model beer components were investigated for structural breakdown over 
the experimental period. The component behaviour was assessed by re-circulating the 
model beer around the rig with a stainless steel pipe replacing the membrane whilst 
the experiment was conducted under standard conditions. It was found that 
approximately 7% of the dextrin was lost when model beer was re-eirculated for 3900 
seconds. This indicated that no additional dextrin was produced as a result of repeated 
shearing contact with the pump. The glucose (Trinder) test indicated that the 
experimental glucose level for the duration of the experiment had not increased, 
indicating that dextrin had not broken down to smaller glucose units. The protein 
concentration was also found to have been reduced by approximately 8% of the 
original starting concentration. If the components had become denatured, larger 
concentration readings would have resulted from these experiments. For more details 
see Appendix 6.
The possible options to explain the component losses defined above are the 
aggregation of individual molecules to form larger molecules or simply that the 
components were adsorbed onto the inner surface of the rig. Unfortunately these 
theories could not be demonstrated using the tests described in Chapter 3. The 
complexing of iodine with dextrin is not specific for a particular molecular weight 
species. The iodine in the form of I ’^ ions are trapped within the coils of the beta 
amylose molecules (a) so this method cannot differentiate between the different sizes 
of the dextrin fragments. Aggregation was not a feature accurately determinable 
through the use of the Lowry test either. The process of aggregation may obscure 
some of the amino acids required to produce the Lowry colour reaction. Most proteins 
contain tyrosine or tryptophan, or both as in the ease of BSA (Chatterjee 2000). It is 
these amino acids with either free ends or in an unfolded polypeptide chain, that 
reduce the phosphtungstic - phosphomolybdic acid (Folin-Ciocalteu) reagent to give 
the characteristic blue colour (Tietz 1994) used in the Lowry total protein assay.
This technique may produce a lower protein total, but the standard deviation 
infers that the technique does not yield the level of accuracy required to prove this.
(a) http://antoine.fsu.um d.edii/cliem/senese/101/redox/faq/starch-as-redox-indicator.shtml (14/3/00)
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5.2.2.3. The concentration o f components.
The behaviour of the components in the permeate and retentate streams can be 
used to infer the development of a fouling layer which ultimately controls the 
component distribution.
The behaviour of the BSA protein changes between 0.2 and 0.5 bar indicates 
its possible inclusion into the fouling layer and disruption of further protein 
transmission. The behaviour of dextrin alters between 0.5 and 2.5 bar. However, at the 
transmembrane pressure of 2.5 bar, the suppression of the component transmission 
into the permeate stream may be directly related to a general fouling layer 
compression.
5.2.3. Retention.
The retention value is a ratio of the concentration of the permeate and 
retentate. It is used as a data interpretation tool. This numerical technique has been 
used to compare the individual retention of dextrin and BSA protein over a range of 
transmembrane pressures. The methodology for deriving retention within the retentate 
together with the experimental results can be seen in section 5.1.3.
The effect of dilution on the permeate concentration produced artificially high 
retention (Ret) values. Therefore these incorrect values (identified as the values prior 
to the permeate maxima in Figures 5.2. -  5.4.) were not presented as results in Figures 
5.6. and 5.7. It can be seen from these graphs that increasing the transmembrane 
pressure produced a shorter period of time where dilution affected the results. This 
was a direct result of the increased driving force across the membrane expelling the 
clean water from the permeate side of the membrane chamber and permeate line. The 
increase in transmembrane pressure also increased retention, probably through the 
development of an obstructive fouling layer.
The dextrin retention shown in Figure 5.6. illustrated that the reproducibility of 
the experiments were very good. These data showed that from 3000 seconds the 
dextrin retention appears to become constant. This was a result of the retentate and the 
permeate concentration having become consistent over the later stages of the 
experiment. This could be a result of the fouling layer having achieved a form of 
steady - state where the addition of dextrin to the fouling layer was no longer 
necessary, although within the fouling layer itself, the dextrin may be undergoing 
continual renewal through dextrin filtration and deposition. The transmembrane
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pressure will continually bring components towards the fouling layer, whilst the use of 
crossflow, will allow back transport processes to help re-suspend this material back 
into the bulk, effectively rejecting it.
The results for protein retention were shown in Figure 5.7. These data 
demonstrated that the protein retention values for all transmembrane pressures show a 
trend of increasing values over time. The 0.2 bar data, as a result o f limited available 
driving force, shows the least increase in retention value, whilst the 2.5 bar retention 
values increase very quickly due to the large available driving force. The increased 
protein retention values for the larger transmembrane pressure values are a direct 
result of the large drop in protein permeate concentration towards the later stages of 
the experiments seen in Figure 5.3. - 5.4. This would indicate that protein was not 
being transmitted through the membrane into the permeate. It has already been 
inferred from the permeate concentration data that protein may be accumulated within 
the fouling layer, but the retention data indicates that protein was being rejected by the 
fouling and was accumulating in the retentate instead. This in turn caused the increase 
in the retentate value over time. However, no conclusive evidence for the protein 
behaviour has been established. The development of any steady - state retention 
values, as seen with the dextrin data, were not apparent in this case. The duplicated 
protein results also showed a lower reproducibility of the retention values than were 
produced for the dextrin.
The increase in transmembrane pressure illustrated higher retention figures for 
both components. This was possibly the result of a large build up of retained 
components fouling the retentate side of the membrane or possibly the effects of 
compression on the fouling layer reducing transmission through the membrane.
The work by Blanpain-Avet (1999c) determined the protein retention from 
beer. The results were presented as filtrate volume instead of time as shown in this 
work. The observations concluded that there was a rapid rise in protein retention 
between the filtrate volumes of 40 - 50 ml indicating internal fouling material 
deposition. It was concluded that there were three steps associated with protein 
retention.
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Step 1. Retention at its lowest level, due to high retentate and permeate 
concentrations.
Step 2. A sudden increase in the retention value, due to the decline in 
permeate concentration.
Step 3. Stabilisation of the retention value at a high level, resulting from high 
retentate and low permeate concentrations.
It was proposed that the increase in retentate values at step 2 occurs after a certain 
quantity of protein material has been deposited inside the membrane. Unfortunately 
due to the interference caused the priming water on the permeate concentrations, such 
specific observations cannot be made with these data presented here, although the 
general trend of increasing retention over time was observable.
In work conducted with a model beer it has been found that carbohydrate 
(starch) rejection from the membrane increases with increasing transmembrane 
pressure (Eagles 1997). This occurs as the increase in transmembrane pressure 
produces proportional increases in the fouling layer thickness. When protein was 
added to the model beer in the form of casein, the rejection from the membrane 
illustrated that casein had higher rejection values than the starch (Eagles 2000), 
thereby confirming the results found in this work. It was also confirmed that an 
increase in transmembrane pressure will result in an increase in protein retention in 
beer (Blanpain-Avet 1999c).
Therefore, the main conclusions that can be drawn from this work are that 
increasing transmembrane pressure will lead to an increase in retention values 
resulting from the fouling layer development. The effect of retention on dextrin leads 
to a retention increase up until 3000 seconds, after which it reaches a steady - state. 
This would infer a constant level of dextrin transmission into the permeate, whereas 
the retention of protein shows constant increases inferring that permeation is reduced 
and fouling induced rejection from the membrane is likely.
5.2.4. Material balance.
A material balance was undertaken in an attempt to locate and quantify the 
masses of dextrin and protein unaccounted for by analysis. However, problems 
regarding this technique were identified. The standard procedure (see Chapter 3) 
required that the membrane chamber and permeate line to be primed with clean water 
to attain the working pressure for the rig at the start o f the experiment. This water was
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then required to be displaced by the model beer before any mass values could be
determined in the permeate. The total amount of water required to be displaced was
8,2 ml. If this was displaced without undergoing any form of mixing, then the model 
beer permeate could replace it within 68 seconds, under the conditions of 1.48 m s'  ^
and 0.5 bar transmembrane pressure, with a constant flux of 108 L m'^ h r '\  However, 
this was not the case and mixing did occur, delaying the permeate from reaching its 
maximum concentration early in the experiment. The available pressure driving force 
directly affected the time taken to displace the clean water. At a transmembrane 
pressure of 0.2 bar experiment with a constant flux of 67.5 L m'^ hr'^ the displacement 
time would be 109 seconds, whilst at 2.5 bar with a constant flux of 189 L m’^  hr'^ 
displacement would only take 39 seconds.
These data therefore required reviewing to differentiate between the true 
effects of membrane fouling and results influenced by the dilution of the permeate.
5.2.4.1. The feed.
The concentration of the feed mass seen in Figure 5.8. illustrated the textbook 
behaviour that over time, the specific protein (or dextrin) mass decreased as the 
components passed into the permeate or became involved in fouling.
5.2.4.2. The permeate.
The permeate mass represented the amount of material that had passed through 
the membrane over specific periods of time, not cumulatively. Through the continuous 
recording of this amount, it was possible to build up a picture of what was occurring 
on or within the membrane, as fouling would invariably hamper the transmission of 
components into the permeate. The permeate values were proposed to be unreliable 
until they had achieved their concentration maxima seen in Figures 5.2. -  5.4, as the 
displacement of the priming water caused an underestimation of their true 
concentration. The time taken to displace the priming water was dependent on the 
operating transmembrane pressure.
From these data in Figure 5.9. and 5.10. the early permeate values were 
disrupted as a result of dilution. The 0.2 bar mass maximum (and subsequent 
behaviour) is delayed by the reduced driving force. In the case o f Figure 5.9, the 
determination of the standard deviation to these data inferred the general trend of the 
dextrin behaviour. Following the mass maximum the 0.2 bar results achieved a steady
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- State mass at approximately 6 mg due to little fouling interference. The 0.5 bar 
values start to gradually increase in permeate mass. This inferred that a well- 
established dextrin transmission mechanism through both the fouling layer and 
membrane was occurring which allowed the transmission to increase to 7 mg. The 2.5 
bar mass permeate value declined after the maximum, inferring that fouling had 
reduced transmission through compression of the fouling layer. However the values 
achieve steady - state indicating a lower consistent transmission of approximately 4 
mg.
The protein mass values followed a similar trend of producing steady - state 
values if interpreted using the available standard deviation data. The 0.2 bar 
experiment was delayed in reaching its maximum (after 2100 seconds) but retained 
the permeate mass level of 5.5 mg for the rest of the experiment. The higher 
transmembrane pressures cause the protein permeate masses to decline after achieving 
their maxima. This was a result o f the developing fouling reducing protein 
transmission. It would appear that the protein achieve steady - state values of 2.5 mg 
at 0.5 bar and 1.5 mg at 2.5 bar.
These results are in contrast to the protein concentration found in the permeate 
stream over time. This is because these values have been volumetrically corrected and 
presented as mass over a different time scale distribution.
5.2.4.3. Determination of the mass of dextrin unaccounted by analysis.
As can be seen in the mass balance, there was a quantity of dextrin 
unaccounted for within the experimental results. The accumulated amounts of dextrin 
unaccounted for are shown in Figure 5.12a, b, & c. These unaccounted for values were 
presumed to have adsorbed onto the internal rig surfaces, to have denatured or 
aggregated (see section 5.2.2.2.) or caused fouling on / in the membrane.
The final results of the dextrin mass unaccounted for were unforeseen. It 
would have been expected that these figures would increase with time, since this 
phenomenon has been observed with a dead end filter. Similar behaviour to a lesser 
extent would also be expected with a crossflow filter. Although crossflow filtration 
relies on hydrodynamic flows and scouring to produce constant fluxes, a fouling layer 
will still develop. It could be speculated that over time this layer would undergo 
changes resulting from the hydrodynamic (Klein 1999) and transmembrane 
conditions, which would increase the proportion o f smaller molecular fouling
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material. This would serve to consolidate the fouling layer and to increase the 
resistance to the passage of flux through the membrane. However, this was found not 
to be the case with either of the sets of experiments.
Through the implementation of the equation constant (Eq. 5.2) the effects of 
dilution can be overcome. This would mimic the absence of the water from the 
system, allowing the concentration of the permeate to be higher and at a value similar 
to the feed.
The adjustment of the permeate concentration allows the figures of 5.12 a, b, 
and c to indicate that the unaccounted for dextrin mass values at 330 seconds (30 
seconds into the experiment) are the highest values reached during of the experiment — 
thus inferring that fouling may be rapidly occurring. Over the duration of the 
experiment the unaccounted for masses decline, and take on steady state appearances 
after 900 seconds if a line of best fit is placed over the data. This implies that a fouling 
layer has become established and is regulating the transmission of dextrin through the 
membrane. This was corroborated by Figures 5.2. and 5.3. where the dextrin 
concentration in the permeate also achieved steady - state.
Due to the low transmembrane pressure, the 0.2 bar readings were required to 
be adjusted over 2100 seconds — the duration taken to achieve the maximum permeate 
concentration.
The reduced driving rate and the resulting low permeate flux led to the 
interpretation that a great deal of the dextrin mass was being retained even after the 
application of the permeate equation constant. This would be speculated as the 
development of a more dextrin dominated fouling layer. This reasoning was 
confirmed by the retention of dextrin in the retentate (Figure 5.6.) which showed that 
at a transmembrane pressure of 0.2 bar, dextrin was retained at a low level. Although 
the final fiux for this pressure was low at only 30.6 L m'^ hr'^ (having declined a total 
of 40.1 L m'^ hr'^) the membrane was consistently transmitting the highest dextrin 
permeate concentration achieved over all the transmembrane pressures of 70 mg L '\
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The transmembrane pressure of 0.5 bar shows the unaccounted for dextrin 
mass values to be lower than those of the 0.2 bar experiment by approximately 10 mg 
L * at the start of the experiment. However, by 3000 seconds they share a similar 
unaccounted for value of approximately 15 mg L '\  The retention values for this 
pressure were only an average of 0.1 Ret larger than the values retained at 0.2 bar (see 
Figure 5.6.), indicting that a little more dextrin was being rejected from the fouling 
layer.
It could be seen in Figure 5.12c that the largest transmembrane pressure of 2.5 
bar produced the lowest mass of dextrin unaccounted for, at approximately 7 mg 
(averaging duplicate runs). This was in agreement with the retentate values for dextrin 
(Figure 5.6.) which proposed that at 2.5 bar dextrin would be retained at a higher Ret 
value within the retentate. This would suggest that the transmembrane pressure was 
controlling the amount of retained material. The transmembrane pressure of 2.5 bar 
proportionally produced the highest final flux level compared with the other 
transmembrane pressures of 50.3 L m'^ h r '\  The transmission of dextrin into the 
permeate became consistent after 2100 seconds at a concentration of 40 mg L '\  This 
was the lowest dextrin concentration shown for all the transmembrane pressures at the 
termination of the experiment. Therefore, although water can pass into the permeate at 
a high flux, inferring that consolidation of the fouling material is restricting 
component flux. The reproducibility of this data was questionable due to the large 
result variation between the 2 sets of data. However, at this transmembrane pressure 
the dextrin results are the smallest of the three experiments, so may be more prone to 
errors.
The dextrin values indicated that as the transmembrane pessure was 
increased, the accumulated amount of unaccounted for dextrin decreases. From the 
results reviewed it can be speculated that the decreasing amount of unaccounted for 
(presumed fouling) dextrin was replaced by protein in the fouling layer. A further 
conclusion is that over the later stages of the experiments (from 900 seconds onwards) 
there is not much variation in the quantity of accumulated unaccounted for dextrin 
values. This would infer that a fouling layer has developed and the unaccounted for 
dextrin values are being regulated by the transmembrane pressure and associated 
fouling.
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5.2.4.4. Determination of the protein mass unaccounted for by analysis.
Figure 5.13a, b and c illustrated the accumulated mass of protein unaccounted 
for by analysis. The majority of the accumulated mass of protein unaccounted for by 
analysis was found to produce a negative figure, which indicated a physical gain in 
mass during the experiment, so were not shown. This could be the result of protein 
dénaturation (the Lowry protein test cannot differentiate between unfolded or broken 
protein), although a mass increase through dénaturation has already been discounted, 
see Appendix 6. The other possible explanations for this phenomenon include the re­
suspension of the protein, or simply the fact that the values being used to generate this 
data (volume and concentration results) were so small that any resulting errors would 
have become magnified and distorted the overall results. The most likely reason was 
simply the development of errors.
The source of such minor errors may include the process used to quantify the 
protein in solution. The concentration of protein was derived from a model beer 
calibration curve. This was produced by a serial dilution of model beer. Therefore, the 
calibration curve is based on a specific protein / carbohydrate ratio. The process of 
filtration would have altered these ratios, which may cause incorrect readings for the 
protein value. The same situation occurs for the dextrin, but this was found to produce 
more reproducible results. If the protein in model beer were read against a pure 
protein calibration curve, a similar data aberration would occur, as the other model 
beer components would cause optical interference.
The accumulated mass of protein unaccounted for by analysis presented in 
Figure 5.13a, b and c. indicated a large protein accumulation at the start o f the 
experiment. Through the application of the equation constant 5.2 to overcome the 
effects of dilution, the results now indicated that missing data, presumed to be fouling 
occurs form the outset.
The protein mass at 0.2 bar becomes negative after 900 seconds. Whilst the 
transmembrane pressures of 0.5 and 2.5 bar both indicate the presence o f unaccounted 
for protein over the course of the experiment. This unaccounted for mass speculatively 
being involved within a fouling layer. As the transmembrane pressure was increased 
the amount of unaccounted for protein mass increases. The mass at 3000-seconds for 
0.5 bar being 20 mg L  ^ and at 2.5 bar just fewer than 30 mg L '\  both already having 
declined from their higher initial masses.
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The Figures of 5.3. and 5.4. also both indicate that protein presence in the 
permeate had declined over time indicating that at these transmembrane pressures, 
there was a strong possibility of the proteins being associated with a fouling layer.
For 2.5 bar, the retention data (see Figure 5.7.) indicates that at this 
transmembrane pressure, protein was rejected by the membrane / fouling layer and 
accumulated within the retentate. This would confirm the earlier speculation that if  the 
membrane were to contain a higher percentage of protein, as predicted at the 
transmembrane pressure of 2.5 bar, protein would be rejected or prevented from being 
transmitted through the fouling layer by the protein residing within it.
The accumulated mass of protein unaccounted for by analysis from the 
experiments conducted at transmembrane pressures of 0.2 bar could be seen in Figure 
5.13a. The data revealed that at this transmembrane pressures the majority o f the 
unaccounted for values were negative. The existing results for a 0.2 bar 
transmembrane pressure infer a small fouling layer based on the concentration values 
seen in Figure 5.2. and the low retention values of Figure 5.7.
The results presented by Figures 5.13a, b and c. actually impart very little 
information. Instead, it casts doubt on the reliability and accuracy o f the unaccounted 
for components. The aim of trying to quantitatively assess the mass o f protein 
unaccounted for by analysis was not successfully achieved. Therefore, any further or 
future quantification work should be attempted using a different protein detection 
protocol, particularly one more reliable in the detection of protein at low quantities.
5.2.5. Chapter conclusions.
From the work conducted within this chapter it can be stated that altering the 
transmembrane pressure will have an effect on the filtration of a model beer through at 
0.45 pm membrane.
As expected, an increase in transmembrane pressure will proportionally 
increase the flux through the membrane, even in the presence of fouling, see Figure
5.1. Although at a certain pressure the flux will become independent of 
transmembrane pressure (Fillaudeau 1998). In this case it was predicted to occur 
between 0.5 and 2.5 bar.
As the transmembrane pressure is increased there is a reduction in the 
transmission of components into the permeate. This would infer the development o f a
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fouling layer that restricts component passage. However the composition of the 
fouling layer can only be speculated upon. It is proposed that at a low transmembrane 
pressure (0.2 bar) the fouling was composed of equal quantities of dextrin and BSA 
protein. At a transmembrane pressure of 0.5 bar the ratio of dextrin to protein fouling 
changes, with an increase in the deposition of protein. At 2.5 bar transmembrane 
pressure, the results infer the largest protein accumulated in the fouling layer.
These overall results are corroborated by the retention data, which 
demonstrated an increased retention of components within the retentate with 
increasing transmembrane pressure. This infers component rejection through the 
establishment of a fouling layer. The results also indicate that protein is retained at a 
higher Ret retention value than the dextrin, indicating preferential dextrin transmission 
into the permeate and protein rejection.
The mass of dextrin unaccounted for by analysis supports the theory that as 
transmembrane pressure increases the accumulated amount of dextrin in the 
membrane decreases. The protein results show that at a transmembrane pressure of 2.5 
bar, the largest accumulation of protein unaccounted for by analysis occurs, as 
predicted from the earlier concentration results.
Even with the establishment of a fouling layer, dextrin and protein can still be 
present within the permeate. However, the mechanisms associated with component 
transport through this fouling layer (possibly a gel layer) are out side the remit of this 
investigation. However a speculative mechanism for the initial fouling method of the 
model beers, will be presented in a later chapter.
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Chapter 6 The effect of crossflow velocity.
Crossflow velocity is considered as one of the controlling parameters of 
crossflow filtration. Its function involves regulating the deposition and formation 
(during beer filtration) of the fouling cake (Fillaudeau 1999). It could also be 
supposed that the crossflow velocity also has a role to play in the formation of the 
fouling. This chapter describes the effects the crossflow velocity had on the 
microfiltration of a model beer. This was achieved by conducting experiments over a 
range of crossflow velocities from 0.71 — 2.38 m s '\  The behaviour of both the flux 
and of the model beer components was assessed. This helped to ascertain whether any 
particular component was responsible for membrane fouling. These data are presented 
in terms of flux decline, component location and the results of the data manipulation 
techniques including retention and a mass balance derived component value of 
material unaccounted for by analysis. The inferences from these results can then be 
used to describe the potential effect of transmembrane pressure on model beer 
filtration.
The constant transmembrane pressure o f 0.5 bar also had an effect on these 
experiments. The dilution effect (caused by the purging of the priming water from the 
permeate side of the membrane chamber and permeate line) was always present over 
the initial stages of the experiment and caused a reduction in the permeate 
concentration values. As the transmembrane pressure was constant the dilution effect 
only occurred up to a maximum of 600 seconds, irrespective of crossflow velocity. 
These effects have been taken into account during the calculations for the mass 
balance.
The individual experiments had ± 10 % reproducible errors associated with 
them (see Appendix 7), however, these have been accepted in favour of determining 
the reproducibility of the data through the use o f standard deviation. Through the use 
of replicate experiments the standard deviation from the average point has been 
calculated for specific points in time over the duration of the experiments. Thus 
enabling the spread of the original data to be shown.
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6.1. Results.
6.1.1 Flux decline affected by crossflow velocity.
The crossflow experiments were conducted at the velocities of 0.71, 1.48 and 
2.38 m s  ^ under the constant conditions of 0.5 bar transmembrane pressure, pH 4.8 
and 20° Celsius.
The effects of increasing the crossflow velocity when filtering de-ionised 
water and model beer solution produced distinctly different results. When using clean 
water (see Appendix 4) the effect of increasing the crossflow velocity caused a 
decrease in the amount of flux through the membrane. However, in the case of the 
model beer solution, see Figure 6.1. and Table 6.1, an increase in crossflow velocity 
was found to be beneficial as it maintained the final flux at a higher level during the 
experiment.
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Figure 6.1. Flux decline curves for model beer associated with variations in 
volumetric crossflow velocity with time.
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Table 6.1. Permeate flux decline after the addition of model beer.
Crossflow Clean water flux Flux after 30 seconds Flux after 300 seconds Flux after 3900 seconds
velocity. Flux (L m'^  hr'^ ) L m'^  hr'^ % decline L m'^  hr'^ % decline L m'^  hr'^ % decline
0.71 m s'^ 151.0 123.8 18 45.4 70 26.8 83
1.48 m s'^ 113.0 108.0 4 59.5 47 48.9 57
2.38 m s ^ 74.3 74.3 0 63.0 15 56.7 24
As observed in the clean water experiments (Appendix 4), the initial flux was 
greatest at the lowest crossflow velocity. The results seen in Table 6.1, show the clean 
water flux declines by a total of 76.7 L m  ^hr'^ over the crossflow velocity increase of 
1.67 m s \  The selection of the flux evaluation times, for Table 6.1. were based on 
major events in the flux decline profile, for more detail see Chapter 5.1.1.
After the introduction of the model beer solution, it is presumed that fouling 
started to occur indicated by the decline in permeate flux with time. In the case of the 
lowest crossflow velocity, the flux declined by 18 % of the original flux within 30 
seconds of the model beer introduction, (proving to be the greatest reduction for all of 
the crossflow velocities). Over the duration of the experiments, the crossflow velocity 
of 0.71 m s * produced the largest decline in experimental flux reducing the flux by 83 
% of the original through put.
The velocity of 1.48 m s’  ^ displayed a slower flux decline, with the flux 
dropped by 4% of the original flux within 30 seconds of the model beer introduction. 
By the termination of the experiment the flux had decreased to a total of 57% of the 
original flux.
In contrast to the other crossflow velocities, the initial flux decline associated 
with the crossflow of 2.38 m s  ^ did not occur within the first 30 seconds o f model 
beer flow. Instead, the flux was constant at 74.3 L m'^ h '^ After 3900 seconds, the 
flux had declined by a total of 24% of the original flux, which was equivalent to a 
decline in flux of 56.7 m'^ h r '\
Associated with an increase in crossflow velocity was an increase in wall shear 
force at the membrane surface. This helped to decrease the layer effect and increase 
permeability as the shear stress is expressed as a function of the boundary layer 
(Coulsen 1990, Walla 1994). The wall shear stress is defined as the force applied to a 
section of membrane by the tangentially flowing fluid (Gésan -  Guizion 1999). The 
shear stress at the wall of a tube is calculated by equation 6.1.
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T „ = ^  (Eq. 6.1)
Where is the shear stress at the wall (Pa), AP is the change in pressure (Pa), 
d  is the tubular cross sectional area (m) and L is the length of the membrane (m). The 
pressure decreases over the membrane length for the various crossflow velocities used 
for the model beer experiments. Therefore, it was felt necessary to calculate the 
experimental shear stress values, see Table 6.2. Although the membrane is a porous 
tube instead of a solid tube, the shear stress will affect the fouling layer in the same 
manner.
Table 6.2. Shear stress values for experimental crossflow velocities.
Crossflow velocity Shear stress at the wall
m s'^ Pascals
0.71 188
1.48 368
2.38 540
6.1.1.1. Summary of flux decline.
• The permeate fluxes decrease over the duration of the experiment.
• An increase in crossflow velocity causes an increase in final fiux.
• An increase in crossflow velocity causes a linear increase in shear stress.
6.1.2. Crossflow velocity concentration values.
The concentration values compare the dextrin and protein present within the 
retentate and permeate streams at the specific individual crossflow velocities o f 0.71, 
1.48 and 2.38 m s \  These values are displayed as percentage values of the original 
model beer concentrations. In the case of beer experiments it is important to be able to 
track particular components throughout the process of filtration to ensure that vital 
flavour and colour components are not removed. This required an accurate detection 
method for individual components.
The concentration of the dextrin and BSA protein in the model beer were 
determined in the retentate and permeate samples using standard curves, also prepared 
from model beer (see Appendix 2). For a further explanation of the significance of the 
concentration values see Chapter 5.1.2.
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61.2 .1 . Concentration of components in the retentate and permeate.
The graphs included within this sub section illustrate the comparison of dextrin 
and protein components within the retentate and permeate at individual crossflow 
velocities. Figure 6.2. shows the effect of a crossflow velocity of 0.71 m s'  ^ on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 6.2. Relative percentage of dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a crossflow velocity of 0.71 m s’V
The data presented in Figure 6.2. shows that the concentration of dextrin and 
protein within the retentate increases over time by 6.9 and 6.3 % respectively. The 
permeate data illustrates that once the components had over come the effects of 
dilution, the concentration of both the components within the permeate start to 
decline. The dextrin in the permeate appears to decline by a total of 25 % from the 
maximum but becomes constant at 46 % of the original dextrin concentration in model 
beer after 2100 seconds. The protein continues to decline to a value of 21 % of the 
original concentration.
Figure 6.3. shows the effect of a crossflow velocity of 1.48 m s'  ^ on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 6.3. Relative percentage of dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a crossflow velocity of 1.48 m s '\
The results for the crossflow at a velocity o f 1.48 m s'  ^ are presented in Figure
6.3. The retentate components are both seen to increase in concentration over time. 
The concentration of dextrin increasing by 11.8 % and protein by 15.7 %. Once the 
effects of dilution have been overcome, the permeate components behave differently. 
Although the dextrin initially declines by 10 % from the maximum, the values become 
steady after 2100 seconds at an approximate value 64 % of the original dextrin 
concentration. The protein continues to decline, falling by a total of 45 % from the 
maximum to a value of 27 % of the original protein concentration at the end of the 
experiment.
Figure 6.4. shows the effect of a crossflow velocity of 2.38 m s'  ^ on the 
concentration of dextrin and protein in the retentate and permeate streams during the 
filtration of the model beer.
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Figure 6.4. Relative percentage of dextrin and protein present in the retentate and 
permeate streams during a typical filtration at a crossflow velocity of 2.38 m s \
An increase in the crossflow velocity to 2.38 m s'  ^ produces the results seen in 
Figure 6.4. The retentate components increase in concentration over the duration of 
the experiment, dextrin increasing by 8.1% and protein by 18.4%. After reaching a 
maximum the dextrin concentration declines only by 7 % from the maximum before 
achieving a steady - state value o f 57 % of the original. The protein continues to 
decline over the duration of the experiment to a final concentration of 33 % of the 
original.
Table 6.3. illustrates the variation in component concentration produced in the 
final experimental samples after 3900 seconds.
Table 6.3. Permeate concentrations after 3900 seconds.
C ro ssflo w D extrin  c o n c e n tra tio n  (m g L'^) P ro te in  c o n c e n tra tio n  (m g L'^)
v e lo c ity a f te r  3900 s e c o n d s a f te r  3900 s e c o n d s
0.71 ms'”' 232 76
1.48 m s"^ 352 98
2.38 m 8’^ 284 123
Although dextrin is present at higher concentration values, there is a large 
spread of concentration values over the range of crossflow velocities (a variation o f 
120 mg L" )^ when compared with protein values (47 mg L’ )^. It also illustrates that the 
dextrin concentration is highest at the mid range crossflow velocity.
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whilst the highest protein permeate concentration is found to be associated with the 
highest crossflow velocity.
6.I.2.2. Summary of dextrin and protein concentration.
• The retentate concentrations increased by a minimum 10 % over the experimental 
duration, indicating that not all the material is passing through the membrane into 
the permeate.
• The final dextrin permeate values were lowest at the minimum and maximum 
crossflow velocities, with the highest permeate values at 1.48 m s"\
• The protein permeate values were found to increase within increases in crossflow 
velocity.
6.1.3. Component retention.
Crossflow filtration is reliant upon the supply of energy to drive the fluid past 
the membrane. It is therefore important to make the system energy efficient by
operating at an optimum crossflow velocity (Burrell 1994) that does not retain 
important beer or model beer components in the retentate or on the fouling layer.
Through the use of equation 5.1, outlined in Chapter 5.1.3. the level of 
component retention (ratio of concentration in the permeate over the concentration in 
the retentate) in the retentate could be calculated. The retention data starts from 540 
seconds when the components are not affected by the results of dilution.
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Figure 6.5. Retention of dextrin with time.
The retention of dextrin seen in Figure 6.5. shows good reproducibility with 
the exception of the 2.38 b result. This result was produced with a new membrane (the 
original produced an unsatisfactory clean water flux following cleaning). A duplicate 
test at 2.38 m s'  ^ crossflow velocity was not run on the new membrane since it was 
apparent that individual membranes can yield anomalous results producing a shift to 
higher retention values. These data have been included to illustrate this point.
The results of Figure 6.5. show that the dextrin retention values all increased in 
value up until 3000 seconds when they appeared to start becoming steady in Ret value.
The duplicate lowest crossflow velocity results produce the highest retention 
values of 0.52 Ref The crossflow velocity of 1.48 m s'  ^ produces a good duplicated 
resulted of 0.36 — 0.38 Ret. If the evidence of 2.38 b were discounted then the retention 
of the highest crossflow velocity would present the lowest Ret value of 0.32.
The data pertaining to the retention of protein in the crossflow experiments are 
presented in Figure 6.6.
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Figure 6.6. Retention of protein with time.
The retention of protein over time is shown in Figure 6.6. This figure 
illustrates that the protein retention over the duration of the experiment is continuously 
increasing. The results showed that the lowest velocity of 0.71 m s'* shows a high 
level of protein retention between 0.78 -  0.82 Ret. The crossflow velocity of 2.38 m s'* 
have lower retention values of 0,63 (0.74 for 2.38b). The velocity of 1.48 m s * 
velocity has a final retention value either side of the main retention groups. The final 
protein retention values for this crossflow therefore lay at 0.65 and 0.88 Ret. The final 
retained protein values are larger than those produced for the dextrin.
6.1.3.1. Summary of dextrin and protein retention values.
• Over time all the retention values for dextrin and protein increase.
• As the crossflow velocity increases the dextrin retention decreases.
• As the crossflow velocity increases the protein retention values produce no
definitive pattern. All the final retention values occur within a 0.2 Ret distribution.
6.1.4. Material balance.
The mass balance has been constructed around the known concentration data 
for dextrin and protein. For further explanation of the material balance, see Chapter
5.1.4.
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The component data for both dextrin and protein show that over time the mass 
of the retentate declined. The data pertaining to the mass of the components in the 
retentate was very similar to the results shown in Figure 5.8, therefore these results 
have not been reproduced for this chapter.
The early permeate mass readings were affected by dilution. The total amount 
of clean water that required displacing was 8.2 ml. The experiments were terminated 
once a steady - state final flux had been achieved after 3900 seconds. This ensured 
consistency throughout the experimental series.
The mass results of dextrin in the permeate stream can be seen in Figure 6.7. It 
can be seen in the figure that by 900 seconds the larger crossflow velocities have 
reached their maximum masses. After reaching a maximum dextrin concentration, 
both higher crossflow velocities establish steady - state concentrations for the 
transmission of dextrin. The 1.48 m s’* velocity transmits the most dextrin at 7.5 mg, 
whilst the 2.38 m s * velocity transmits 5.5 mg of the dextrin into the permeate stream. 
The velocity of 0.71 m s'* slowly increases in mass until 3000 seconds where it 
appears to take on steady - state transmission of dextrin at 6.5 mg.
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Figure 6.7. The mass of dextrin in the permeate with time.
The mass of protein permeate over the experimental duration can be seen in 
Figure 6.8. The mass of protein in the permeate stream is lower than the dextrin. The
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figure is influenced by the effects of dilution up until 900 seconds for all the crossflow 
velocities. Having reached a maximum concentration of protein transmitted the 
velocities of 0.71 and 2.38 m s'* tend towards a steady - state concentration 
transmission of 2.75 mg and 2.25 mg respectively. However, some of the points and 
standard deviation are just outside o f this steady - state value. The velocity of 1.48 
m s'* achieves a maximum mass of 5 mg transmitted, but over the duration of the 
experiment, the mass permeating the membrane declines to a final value of 2.25 mg.
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Figure 6.8. The mass of protein in the permeate with time.
6.I.4 .I. Determination of mass unaccounted for by analysis.
The purpose of the mass balance was to derive the accumulated quantity of 
unaccounted for dextrin and BSA protein from the calculation:
Material In = Material Out + Accumulation.
The explanation regarding the calculation of the material mass balance can be read in 
Chapter 5 and an example seen in Appendix 5.
The dilution of the initial experimental permeate samples also affects the 
results of the crossflow velocity experiments. The dilution effect is overcome by the 
experiments at different rates for each crossflow velocity as illustrated below in Table
6.4.
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Table 6.4. The time taken to achieve maximum concentration of permeate
Crossflow velocity Time maximum permeate
concentration achieved.
0.71 m s'^ 540 seconds
1.48 m s'^ 540 seconds
2.38 m s'" 600 seconds
From Table 6.4 it can be seen that all the permeate maximums occur within 
600 seconds. This time duration was predetermined by the working transmembrane 
pressure of 0.5 bar.
This effect can be overcome through the use of the equation constant outlined 
in Chapter 5.
6.I.4.2. Determination of dextrin mass unaccounted for by analysis.
Data pertaining to the dextrin unaccounted for by analysis over the 
experimental duration at various crossflow velocities are presented in Figure 6.9a, b 
and c.
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Figure 6.9a. Mass values for dextrin unaccounted for by analysis at 0.71m s'* 
crossflow velocity over the duration of the experiment.
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Figure 6.9b. Mass values for dextrin unaccounted for by analysis at 1.48 m 
crossflow velocity over the duration of the experiment.
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Figure 6.9c. Mass values for dextrin unaccounted for by analysis at 2.38 m s'  ^
crossflow velocity over the duration of the experiment.
The crossflow experiments with the highest accumulated mass o f dextrin 
unaccounted for occurs at a velocity of 0.71 m s '\  The lowest accumulated mass of 
dextrin unaccounted for is produced by the 2.38 m s’  ^ velocity experiments. The data, 
with the exception of the experiments at 2.38 m s’  ^ show good reproduction. 
Therefore, a general pattern can be seen of a decreasing mass of dextrin unaccounted 
for as the crossflow velocities increase. From 600 seconds it can be seen that the
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masses of dextrin unaccounted for are relatively consistent with the development of a 
fouling layer and its subsequent stabilisation.
6.1.4.3. Determination of protein mass unaccounted for by analysis.
Data pertaining to the mass o f protein unaccounted for by analysis over the 
experimental duration and at various crossflow velocities are presented in Figure 
6.10a, b and c.
Time (Seconds)
Figure 6.10a. Mass values for protein unaccounted for by analysis at 0.71m s'  ^
crossflow velocity over the duration of the experiment.
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Time (Seconds)
Figure 6.10b. Mass values for protein unaccounted for by analysis at 1.48 m s'* 
crossflow velocity over the duration of the experiment.
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Figure 6.10c. Mass values for protein unaccounted for by analysis at 2.38 m s'* 
crossflow velocity over the duration of the experiment.
The only crossflow velocities to produce a mass of protein unaccounted for 
was achieved by the experiments run at the velocities of 1.48 and 2.38 m s'*. 
However, duplication of the results are difficult. The positive accumulation of protein 
is not seen for the crossflow values of 0.71 m s'*. In general the results relating to the 
unaccounted for protein are not very informative.
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6.2. Discussion.
6.2.1. The Bernoulli effect.
The Bernoulli effect illustrated in Appendix 4 implies that the membrane axial 
pressure reduces as a result of the increasing circulation velocities. This led to a 
decline in permeate flux over the axial path length caused by the reduction in pressure 
energy over the length of the membrane (Blanpain-Avet 1999b). When any liquid is 
re-circulated around the rig at a constant transmembrane pressure of 0.5 bar, it can be 
seen that as the velocity was increased the resulting pressure drop along the membrane 
increased, as seen in Table 6.5. Thus the highest clean water flux was produced at the 
lowest crossflow velocity, in agreement with Figure App 4.1. (Appendix 4).
Table 6.5. Model beer pressure losses and fluxes.
Crossflow velocity PI P2 Pressure loss Clean water flux Final flux
m s'^ bar bar bar L m'^  hr'^ L m'^  hr’^
0.71 0.685 0.660 0.025 151 27
1.48 1.350 0.856 0.494 113 49
2.38 1.880 1.160 0.720 74 57
PI Pressure before the membrane chamber.
P2 Pressure after the membrane chamber.
However, in the case of model beer it was found to be the effect o f the 
undeveloped laminar flow in the system that determined the final flux, instead of the 
pressure loss over the length of the membrane, as seen in Table 6.5. During the 
filtration of model beer, if  the crossflow velocity was increased, the flux also 
increased. This was because the laminar flow started to become fully developed (the 
direct result of an increase in crossflow velocity). At 2.38 m s’* the flow is within the 
transitional zone so can disturb the surface fouling layer, which subsequently allowed 
an increase in flux (Blanpain-Avet 1999b).
6.2.2. Flux decline.
The flux decline experiments were undertaken to test the following statement 
for model beer filtration “An increase in flu id  turbulence results in an increase in the 
mass transfer coejficient but also an increase in pressure drop and energy 
consumption” (Mulder 1996). The turbulence develops as a result of an increase in the 
ratio of inertial to viscous forces. Even with the presence of turbulence there will be a 
narrow boundary layer adjacent to the membrane wall where viscous forces and the
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rigid wall preserve streamline flow. It is here where the fouling layer can develop. The 
thickness of the laminar sublayer in a pipe can be calculated from equation 6.2. 
(Coulson 1990)
<^  =  4.64  ^ !jX
P^s
(eq. 6.2.)
Where 5  is the laminar sublayer thickness, ju is viscosity, X  is the number of pipe 
diameters, p  is the density and Us is velocity above the boundary layer,.
The laminar sublayer thickness for the experimental range of crossflow 
velocities have been calculated and presented in Table 6.6. This demonstrates that as 
the crossflow velocity was increased the resulting thickness of the laminar sublayer.
Table 6.6. Laminar sublayer thickness associated with crossflow velocity.
Crossflow velocity Reynolds Number Laminar sublayer
m s'^ thickness (m) at 18cm
0.71 4 5 8 9 0 .0 0 1 8
1.48 8 8 2 5 0 .0 0 1 3
2 .3 8 141 2 0 0 .0 0 1 0
The thickness of the boundary layer will increase from the entrance to the membrane 
tube to the exit as a result of the correction using equation 6.2.
The full development of the laminar flow was not achieved before a crossflow 
velocity of 2.38 m s * was applied. However, as the crossflow velocity was increased 
it could be seen that the shear force on individual molecules was increasing through 
the use of equation 6. 3.
F, = T ,n D Z  (Eq6.3.)
Where Fs is the shear force acting on a single molecule (pN), the shear 
stress at the wall (Pa), D the pipe diameter (m) and L the length of molecule (m)
The approximate length of dextrin per molecule (composed of thirty glucose 
units) is 30 nm whilst the known length of protein is 11.6 nm. The resulting shear 
forces on both types of molecules over the range of experimental crossflow velocities 
are shown in Table 6.7.
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Table 6.7. Shear forces acting on single molecules at the various crossflow
velocities.
Crossflow velocity Shear Stress Shear Force - Dextrin Shear Force - Protein
m s'^ Pa micro Newtons micro Newtons
0.71 188 106 41
1.48 368 208 80
2.38 540 305 118
The shear force values stated in Table 6.7. compare favourably with the 
tangential load required to displace 6mm cellulose acetate sphere (Mullier 1991)
The results of Figure 6.1. and Table 6.1. illustrate that the lowest crossflow 
velocity of 0.71 m s * produced the greatest decline in flux quantity for model beer. 
The lowest experimental velocity demonstrated the least fully developed laminar flow 
regime. In turn this would allow the establishment of a larger boundary layer adjacent 
to the membrane where fouling could occur, see Table 6.6.
The membrane axial pressure drop associated with this velocity of 0.71 m s'* 
(see Table 6.5.) may also contribute to the conditions inducing flux reduction. Over 
the duration of the experiment the flux was reduced to a low steady - state level value 
of 26.8 L m'^ hr'*, having declined by a total of 124.2 L m'^ hr'*.
At 1.48 m s * ,  the higher final flux was a result of an increase in velocity 
towards the full development of laminar flow and increase in axial pressure. This 
reduces the effective thickness of the boundary layer and allows a larger transmission 
of flux and mass (see Tables 6.6. and 6.5.).
At a velocity of 2.38 m s'*, the flow has become fully developed laminar flow, 
thus inducing the thinnest boundary layer (see Table 6.6). Therefore the effect o f the 
fluid velocity will impact more within this layer. This velocity is also accompanied by 
the largest axial pressure, which may contribute to the high flux level (see Table 6.5.). 
This velocity produced the highest final flux when filtering model beer.
Shear is an important hydrodynamic feature of crossflow filtration. The 
definition of shear is an action resulting from applied forces, causing two contiguous 
parts of a body to slide relatively to each other in a direction parallel to the plane of 
contact. The highest shear occurs at the wall of a pipe, resulting from viscous stress 
and to a lesser extent turbulent stress. The presence of shear helps to disrupt fouling 
and assist in its removal through shear induced back transport (Porter 1972) thus 
beneficially assisting an increase in flux. As crossflow velocity increases, the effect of
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shear stress also increases. The shear results associated with increasing crossflow 
velocity can be seen in Table 6.2.
The statement by Mulder introduced at the beginning of this subsection was 
found to apply in this case. It was seen that as the crossflow velocity increased the 
axial pressure drop increased (see Table 6.5.). The energy requirements for the pump 
increased, as higher crossflow velocities were required. The mass transfer across the 
membrane also increased with increasing crossflow velocity, see section 6.2.5.2. for 
confirmation.
The literature states that the hydrodynamic effects such as velocity and shear 
wall stress, impart benefits to filtration. In rough beer filtration, the retentate velocity 
is a major factor in the limitation of cake formation which restricts fluxes (Fillaudeau 
1998, Walla 1994). However, It has also been found that low crossflow velocities at or 
below 0.75 m s'* are not very effective in terms of flux for filtration (Gan 1997). In the 
case of tank bottom filtration, crossflow velocities of 2 — 3 m s'* are used to ensure the 
associated shear forces do not disturb the yeast cells (Schlenker 1994). It has also been 
stated that the use of low crossflow velocities avoids energy inefficacy in the 
production of large pressure drops over the membrane (Bühler 1993).
The effect of increasing the crossflow velocity has been tested on rough beer 
filtration through pore sizes smaller than those used for this research. The results o f 
the experiments conducted with a 0.4 pm Ceramem membrane at a constant 
transmembrane pressure of 1.3 bar, found that increasing or decreasing the crossflow 
velocity around the velocity of 2.5 m s'* produced restricted fluxes (Gill 1994).
Table 6.8. shows the filtration results of experiments conducted with rough 
beer. It was concluded that the solids loadings of the beer were important, however an 
optimum velocity of 2.2 m s * was produced over a range of solid content (Burrell 
1994).
Table 6.8. Beer filtration with a Ceremem membrane (Burrell 1994).
(Ceramem membrane pore size o f  0.5 pm, transmembrane pressure o f  1.3 bar)
Crossflow velocity Flux Volume processed Solids
m s'^ 1 U gL'i
1.5 5.1 116.3 3.90
2.2 13.2 760.0 5.00
2.2 36.0 2071.3 0.64
3.5 23.5 1353.7 1.00
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The identification of an optimum crossflow velocity is important in making the 
process of beer filtration cost efficient. To operate at a higher velocity would simply 
be a waste of energy (Burrell 1994) especially as the target flux for an economic non- 
sterile filtration is 25 L m^ hr* (Gill 1994). The optimum flux stated for beer 
compare favourably with those produced within this work, see Table 6.9.
Table 6.9. Comparison of optimum fluxes.
Source Optimum crossflow Pore size Transmembrane
velocity (microns) pressure
Own research (Model beer) 2.38 m s'’ 0.5 0.5 bar
Gill 1994 (Beer) 2.50 m s'' 0.4 1.3 bar
Burrell 1994 (Beer) 2.20 m s'" 0.5 1.3 bar
6.2.3. Component concentration values
The importance of the concentration values has been fully explained in 
Chapter 5.2.2.
6 2.3.1. The concentration of components in the permeate.
The Figures 6.2. - 6.4. show the concentration of dextrin and protein within the 
permeate at specific times over the experimental period. In all cases the permeate 
concentration illustrated a delay in the concentration development due to dilution. An 
increase in crossflow velocity (constant transmembrane pressure of 0.5 bar) had no 
effect on when the permeate highest concentration values occurred. For both dextrin 
and protein, these values occurred approximately between 540 -  600 seconds. This 
was in agreement with the results achieved within Chapter 5, Figure 5.3. At a working 
transmembrane pressure of 0.5 bar the time taken to reach the maximum concentration 
value was approximately 600 seconds (300 seconds after the introduction of the model 
beer to the system). By the time the highest permeate concentrations had been 
achieved, the flux levels of the model beer were starting to develop a steady - state 
flux. This would indicate that the subsequent decline in permeate concentration for 
both permeate components occurred independently of the flux level.
0.71 m s'* crossflow velocity.
Once the concentration maxima had been reached for both the components the 
concentration declined. The dextrin achieved a steady - state concentration after 2100
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seconds after declining by approximately 25 % from the maximum concentration. 
This would infer that dextrin has accumulated within the fouling layer to an extent that 
it can now transmit dextrin into the permeate at a constant rate of 46 % of the original 
dextrin concentration.
The permeate protein at this velocity has a very high concentration at the 
maximum, indicating preferred transmission over dextrin. However, over time the 
protein is actively prevented from further permeation. This caused the concentration 
of protein to decline over the duration of the experiment, inferring that the majority of 
the protein became integrated into the fouling layer as the retentate protein level 
increased to a total of only 4 % over the experiment.
At a low crossflow velocity there is no apparent antifouling ability, so fouling 
occurs within the large boundary layer of laminar flow. This fouling layer would 
restrict both flux and component transmission, whilst increasing the retention of 
dextrin and protein in the retentate stream.
1.48 m s'* crossflow velocity.
Operating with a crossflow velocity of 1.48 m s'* caused the permeate 
components to initially decline. The dextrin declined by 10 % from the maximum 
before developing steady concentration values at 63 % of the original concentration 
after 2100 seconds. This again infers that a fouling layer has developed by 2100 
seconds but with a structure that allows the passage o f dextrin into the permeate. This 
crossflow velocity induces in the permeate the largest maximum dextrin concentration 
and accumulated dextrin values when compared with the other crossflow velocities.
The fouling structure favours the permeation of dextrin over protein. For 
protein the maximum concentration value was high, but the transmission becomes 
reduced as the experiment progresses. The final concentration indicates that there has 
been a decline of approximately 45 % of the protein concentration passing into the 
permeate from the maximum concentration at 600 seconds. However, at this crossflow 
velocity the protein level in the retentate has also increased by 12 % of the original 
concentration. This would infer that although some of the protein has become 
incorporated into a fouling layer, and it is this accumulated protein that is causing the 
increased level of rejection.
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2.38 m s'* crossflow velocity.
At the highest crossflow velocity of 2.38 m s’* the initial dextrin concentration 
is the lowest produced by the three velocities. The concentration maximum occurs for 
both components after 600 seconds, however the concentration for the maximum are 
lower than those experienced at lower crossflow velocities. The dextrin permeate 
levels in the 2.38 m s * crossflow velocity experiment illustrate that the dextrin 
declines very little, only 7 % after the concentration maximum before settling into 
reasonably steady - state values. The steady - state values are approximately 57 % of 
the original model beer concentration and 7 % lower than the values produced by the 
crossflow of 1.48 m s *. This would infer that although the dextrin is being 
incorporated into the fouling layer, the transmission is being limited.
The protein is found at the maximum concentration to exhibit the lowest 
protein permeate concentration, indicating that it is not permeating as readily as was 
possible at lower velocities. Over the experiment from the concentration maximum, to 
termination, the protein values continue to decline by a total of 26 %. The final 
permeate value infers that at this crossflow velocity, protein is being transmitted into 
the permeate at its highest concentration, see Table 6.3. The low retentate level of 
protein would infer that the majority of the protein has become incorporated into the 
fouling layer. It could be seen that this crossflow velocity was the most conducive to 
protein transmission.
From the data gathered and presented in Table 6.10. conclusions can be made 
regarding the behaviour of the dextrin and protein.
Table 6.10. The concentration of dextrin and protein during an experiment.
Dextrin % of model beer original Protein % of model beer original
0.71 ms^ 1.48 m s'^ 2.38 m s'" 0.71 m s'" 1.48 m s'^ 2.38 m s'"
Maximum concentration 69.7 73.4 64.0 85.5 72.1 59.6
Experiment termination 45.6 63.7 57.2 21.4 27.1 33.2
Difference 24.2 9.7 6.9 64.1 45.0 26.4
It can be seen in Table 6.10. that as the velocity is increased the difference 
between the maximum concentration and the final concentration is seen to decrease. 
This is most obvious seen with an increase in crossflow velocity on the percentage of 
protein present in the permeate. When the crossflow velocity is increased, the laminar 
flow becomes more developed, causing a thinner boundary layer and higher surface
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shear which can disrupt the fouling layer. Although the permeate component 
concentration decreases over time, the degree to which it varies from the maximum 
concentration is reduced, implying that the rate of crossflow velocity can influence 
permeation.
6.2.3.2. The concentration of components in the retentate.
The percentage of dextrin and protein present within the retentate is a 
consequence of the activity occurring in the permeate. The majority o f the values for 
dextrin in the retentate are lower than a hundred percent. This had implications for the 
material balance with regard to completeness of these data. However the initial values 
for both dextrin and protein are lower than expected at the crossflow velocity of 0.71 
ms *.  This is a result of the slow crossflow velocity not having mixed the model beer 
completely with the priming water present in the feed line. This had implications with 
regard to the material balance.
The general trend for all the retentate data was to increase in concentration 
over the duration of the experiment. The possible reasons for the increase in 
concentration included the processes of fouling induced rejection, solution de­
watering and component breakdown. These were fully explained in Chapter 5.2.2.2.
6.2.4. Retention.
These data manipulation producing retention values aim to predict the amount 
of a component being retained through a ratio of concentration in the permeate over 
retentate. A full explanation behind the methodology is given in Chapter 5.1.3.
The dextrin result, see Figure 6.5. showed a high level of reproducibility 
between the velocities of 0.71 and 1.48 m s’*. The results for the velocity of 2.38 m s’* 
indicates that different membranes did not produce similar retention values. From 
these two experiments the lower Ret value was selected. Figure 6.5. illustrated that the 
velocity of the 0.71 m s’* experiments had the largest retention values whilst the 2.38 
m s * had the lowest. It could be seen that the relative thickness of the boundary layer 
and constant transmembrane pressure influenced the retention results. The retention 
values increased until 3000 seconds when they became constant. This was a result o f 
the retentate and the permeate concentrations having adopted consistent values over 
the later stages of the experiment.
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The results of the protein retention in Figure 6.6. are very similar to those of 
the dextrin as they demonstrated close clustering of the retention values over time. 
When these data are compared to the protein retention values associated with the 
transmembrane pressure of 0.5 bar, it can be seen that the retention differences 
between all the velocities are small. The retention difference between 2.38 m s’* and 
0.5 bar was 0.15 Ret, whilst the difference between 0.71 and 0.5 bar was only 0.05 Ref 
The 1.48 m s * values are identical to the 0.5 bar values. In fact these results (see the 
data points for 0.5 bar a and b. Figure 5.7.) encompass all o f the protein retention 
results produced by the various crossflow velocities. However, it could be speculated 
that the transmembrane pressure is the more dominant parameter in the fouling of 
membrane material instead of the variations in crossflow velocity.
In Figures 6.5. and 6.6. there were obvious differences between the levels of 
retained protein (0.6 -  0.9 Ret) and dextrin (0.3 — 0.6 Ret) in the retentate. This is in 
addition to the fact that the dextrin appears to become constant after 2000 seconds, 
whilst the protein retention continues to increase throughout the experiment. The 
consistency of the dextrin being retained means that dextrin was passing through the 
membrane, whilst the progressive increase in protein retention inferred that protein 
was not being transferred through the membrane instead being held back within the 
retentate. Therefore, the fouling layer was preferentially transferring dextrin over 
protein through the membrane. This could result from the presence of the dextrin / 
protein in the fouling layer preventing transmission through the membrane or that the 
protein present within the fouling layer was at such a high concentration that diffusion 
from the bulk to the membrane was reversed causing a large retention of protein.
6.2.5. M aterial balance.
The material balance was undertaken in an attempt to locate and quantify the 
mass of dextrin and protein unaccounted for by analysis. The priming of the rig 
caused complications in connection with the accurate recording of the component 
concentration in the permeate and retentate. The total amount of clean water that 
required displacing from the membrane chamber and the permeate line was 8.2 ml If 
this was supplanted without undergoing any form of mixing, then the model beer 
permeate could replace it within 52 seconds, under the conditions o f 0.71 m s’*, 0.5 
bar and a constant flux of 150 L m’^  hr’*. If the experiments were run under the 
conditions of 1.48 m s’*, 0.5 bar and a constant flux of 108 L m’^  hr’* the water could
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be displaced within 68 seconds or within 109 seconds for the conditions of 2.38 m s'*, 
0.5 bar and a constant flux of 67 L m’^  hr *. Therefore, the early permeate 
concentrations were subject to review.
An increase in the shear rate with increasing crossflow velocity may have 
affected these experimental results, particularly at the highest crossflow velocity of
2.38 m s *. It was also found that during the filtration of beer, the size of the fouling 
deposited particles on a nylon 0.45pm nylon membrane decreased both with time and 
with increasing flow velocity (Klein 1999). However, there is no conclusive proof for 
this in these experimental results.
6.2.5.I. The feed.
In comparison to the increasing concentration data of the retentate (Figures
6.2. - 6.4.), the mass of the feed (see Chapter 5.1.4.) illustrated the expected behaviour 
- that with time the mass of the dextrin or protein, at all working crossflow velocities 
would decrease. The decline in retentate mass was a direct result o f component 
filtration and fouling.
6.2.5.2. The permeate.
The permeate mass represented the amount of material that had passed through 
the membrane over a specific time. As established the initial slow development of the 
permeate mass was the result of dilution. The crossflow velocities of 1.48 and 2.38 
m s'* both achieve their initial mass maximums at 900 seconds, whilst the 0.71 m s'* 
took 3000 seconds to achieved its maximum. It appeared that after the maxima 
concentrations had been reached, the permeate masses adopted a steady level of 
dextrin transmission. Indicating that the fouling layer was able to transmit dextrin 
consistently at different masses depending on the crossflow velocity. The largest mass 
was produced by the velocity of 1.48 m s'*.
As the crossflow velocity was increased, the full development of laminar flow 
served to suppress the surface boundary layer. This would help to disrupt the surface 
fouling layer, allowing a higher transmission of the dextrin through the membrane. 
The effect of increasing the crossflow velocity can be seen in Figure 6.7. It is possible 
that at the velocity o f 2.38 m s'* the mass values exceeds that o f 1.48 m s'* (the
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standard deviation indicate that this is feasible) however the use of a different 
membrane filter in the duplicate run prevents the clear assessment of this.
The mass of protein present in the permeate can be seen in Figure 6.8. By 900 
seconds the mass for all the crossflow velocities had reached a maximum. The 1.48 
m s * velocity achieved the highest mass value thereby indicting the most favourable 
filtration conditions for protein. However, over the duration o f the experiment the 
permeate mass continuously declined to a protein level of approximately 2 mg. It 
would appear that the protein transport mechanism was being suppressed and so lower 
masses permeated over time.
In contrast, the result for the 0.71 and 2.38 m s'* indicated that a steady 
transmission of protein was achieved. The low masses involved may have simply 
diffused through the fouling and membrane down a concentration gradient from the 
fouling layer to the permeate.
The mass transfer coefficient increased with increasing crossflow velocity, as 
can be seen from the results in Table 6.11.
Table 6.11. Mass transferred to the permeate.
Crossflow Velocity Dextrin mass Protein mass Mass Total
m s'^ in permeate (mg) in permeate (mg) (mg)
0.71 35.05 18.98 54.03
1.48 52.67 28.63 81.30
2.38 (a only) 83.30 41.50 124.80
2.38 53.14 26.85 79.99
The mass values represent the average results for the duplicate experiments 
with the exception of the 2.38 m s * (a only) velocity where only the original 
experimental results were used. This was because a substitute membrane was used for 
the duplicate run. The actual result for 2.38 m s'* is also shown for comparison. It is 
these values that are used as the results for this section.
It would appear that the crossflow velocity was only responsible for the 
surface deposition and that the transmembrane pressure was the driving force fouling 
the inside of the membrane. The crossflow velocity of 1.48 m s'* produced the 
optimum working condition for the best transmission of both dextrin or protein 
through the membrane and into the permeate in terms of these duplicated experimental 
results.
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6.2.5.3. Determination of the mass of dextrin unaccounted for by analysis.
The unaccounted for by analysis values for the components are understood to 
mean that the component is fouling the membrane and reducing the transportation of 
components across the membrane
From the mass balance workings, there is a mass of dextrin unaccounted for by 
analysis in the experimental results. The mass of unaccounted dextrin was proposed to 
be located within the rig, unless aggregates had formed and the resulting dextrin 
presence in the retentate was being underestimated. The mass of dextrin unaccounted 
for can be seen in Figure 6.9a, b and c.
The crossflow velocity experiments of 0.71 m s'*, showed a very high initial 
mass of dextrin unaccounted for by analysis. This was due to the fact that the low flow 
rate had not displaced all of the clean water from the retentate line. Therefore the first 
sampling of the retentate 30 seconds after the introduction of the model beer was 
dilute and not representative of the overall model beer. The majority o f the dextrin 
fouling could therefore be accounted for, instead of, as was first assumed that there 
was severe fouling of the membrane. Although when shear tests were conducted, see 
Appendix 6, the concentration of the dextrin did rapidly fall, indicating that adsorption 
was an important factor which could also be important in the explanation of the 
dextrin unaccounted for by analysis.
The other crossflow velocities also showed large unaccounted for dextrin 
masses at the start of the experiment. The application of the equation constant 
indicates that these values are genuinely are missing are not the result o f dilution.
The mass of dextrin which accumulated, produced positive results for all the 
crossflow velocities tested, as can be seen in Figures 6.9a, b and c. The velocity of 
0.71 m s * shows the highest dextrin mass unaccounted for by analysis, whilst the 
lowest dextrin unaccounted for values were produced by 1.48 m s'*.. It can be seen 
from the figures 6.9a, b and c that the mass of dextrin unaccounted for by analysis 
achieves a steady mass value from 600 seconds until the termination of the 
experiment. This indicates that a fouling layer has developed and is being maintained 
at a constant mass through permeation and back transport. The 2.38 m s'* velocity is 
an exception as the unaccounted for mass increases over the latter stages o f the 
experiment. This crossflow velocity was predicted to take the longest time to purge 
the clean water from the permeate side of the rig.
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As the crossflow velocity increased (with the exception of 2.38 m s'*) the 
amount of accumulated dextrin unaccounted for decreased. It could be inferred that an 
increase in crossflow velocity disrupted the membrane surface fouling and allowed 
less dextrin to settle and become incorporated into the dextrin mass unaccounted for 
by analysis. A direct result of the lower crossflow velocity is that the fouling layer will 
become thicker as a result of the larger boundary layer. This is confirmed in Figure 
6.9a. by the large amount of dextrin unaccounted for, associated with the velocity of 
0.71 m s *. Further confirmation comes from the dextrin retention data presented as 
Figure 6.5. The largest retention in the retentate was achieved by the lowest velocity 
of 0.71 ms * .  This also coincided with the fact that this velocity displayed the lowest 
flux at 3900 seconds of 26.8 L m'^ hr'* (Figure 6.1.) and the lowest transmission of 
dextrin through the membrane 45 mg L'* (Figure 6.2.). In comparison the highest 
crossflow velocity of 2.38 m s'* produced the lowest dextrin retentate retention, 
corresponding with the largest flux at 3900 seconds of 56.7 L m'^ hr'* and one of the 
larger dextrin permeate concentrations. This indicated that dextrin fouling was not 
affecting the filtration membrane to the same degree as experienced at lower 
velocities.
In all cases the concentration of dextrin in the permeate became consistent by 
3000 seconds. This indicated that the mass of dextrin unaccounted for by analysis 
assumed to be in a membrane associated fouling layer, had started to settle down in 
composition and enabled the development of a mechanism to guarantee a steady 
transmission of dextrin through the membrane.
6.2.5.4. Determination of the mass of protein unaccounted for by analysis.
The protein mass unaccounted for by analysis can be seen in Figure 6.10a, b 
and c. Due to dilution error in the retentate in the case of the 0.71 m s'* velocity, the 
initial samples displayed for 330 seconds can be disregarded. It can be seen from 
Figure 6.10b and c that the only velocities to display protein mass unaccounted for by 
analysis were the velocities of 1.48 and 2.38 m s'*. The other velocity of 0.71 m s'* did 
not produce accumulated positive protein mass values. The reproducibly of the protein 
data was not of a high quality. It could therefore be suggested that the detection of 
protein in model beer was difficult to achieve, especially at low levels. For a further 
explanation see Chapter 5.2.4.4.
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The retention of protein in the retentate at the velocity of 2.38 m s'* (2.38 a) 
proved to be the lowest retention value for protein, as seen in Figure 6.6. This 
coincided with the highest protein concentration in the permeate and the highest flux. 
These factors all indicted that the mass of protein unaccounted for did not reduce 
fouling, instead produced the most favourable conditions for the filtration of protein in 
model beer.
The velocity of 0.71 m s * produced the low protein concentration values in the 
permeate of 21% of the original concentration at 3900 seconds. This indicated that 
protein could be transmitted through the membrane even when there was the 
possibility that there was no protein within the fouling layer. The permeate 
concentration was declining continuously over time as transmission through the 
fouling layer and membrane was becoming restricted. This could be speculatively 
explained by the fact that the fouling layer was becoming more consolidated and 
encouraging the steady transmission of dextrin whilst slowly reducing the 
transmission of the protein.
The results of Figure 6.10a, b and c divulge very little information. Therefore 
the aim of trying to quantitatively assess protein mass unaccounted for by analysis 
was not successfully achieved.
6.2.6. C hapter conclusion.
From the work conducted within this chapter it can be stated that an increase in 
crossflow velocity will have an effect on the filtration of a model beer through a 0.45 
pm membrane.
An increase in crossflow velocity results in an increase in final fluxes. This is 
in complete contrast to the results of the clean water seen at the very start o f the model 
beer experiments, see Figure 6.1. and Table 6.1. The permeate component 
concentration values indicate that fouling occurs as all the concentration values 
decline after they reach their maximum value.
As the crossflow velocity is increased the final concentration of components in 
the permeate varies. In the case of dextrin the final permeate concentration will reach 
a maximum as the velocity reaches 1.48 m s'*, any further increases in velocity will 
reduce this final concentration. The dextrin concentration develops a steady - state 
level of transmission into the permeate after 2100 seconds. The protein concentration
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in the permeate increases with increasing crossflow velocity reaching its maximum 
final concentration at 2.38 m s'*.
The composition of the fouling layer can be speculated upon. As the crossflow 
velocity is increased the amount of dextrin in the fouling layer decreases, whilst the 
protein is proposed to increase in deposition / accumulation within the layer. This is 
confirmed in Chapter 6.1.4.3.
The retentate results indicate that as crossflow velocity is increased the 
retention of dextrin decreases, indicating that the dextrin is being transmitted through 
the membrane is or is being accumulated in the fouling . The protein results show that 
an increase in crossflow velocity decreases the retention of protein — however the 
working transmembrane pressure of 0.5 bar may be the cause of such high protein 
retention.
The mass of dextrin unaccounted for by analysis supports the theory that as the 
crossflow velocity is increased the amount o f dextrin present in / on the membrane 
decreases. Whilst the protein presence in the fouling layer is only evident at the 
highest experimental crossflow velocity. Even with the development of a fouling 
layer, the dextrin and protein can still achieve passage into the permeate.
It is proposed that optimising crossflow velocity will only affect surface 
fouling, as the transmembrane pressure is responsible for forcing the passage of 
components through the membrane. The statement is supported by the mass of dextrin 
unaccounted for by analysis. This is where at low crossflow velocities the boundary 
layer thickness is relatively large and so can accommodate large quantities of fouling 
material see Table 6.6. whereas at the higher crossflow velocity o f 2.38 m s'* the 
boundary layer has reduced in thickness and the fully developed laminar flow has 
more impact on the fouling layer see Table 6.6.
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Chapter 7. Visualisation.
To help verify any theories on membrane surface fouling mechanisms, 
experimental coupon samples were visualised under a scanning electron microscope 
(SEM). A SEM produces a 3D image by scanning the specimen’s surface with a 
beam of electrons. The retrieved electrons produce the image with the contrast being 
related to the topographical variations and atomic number differences in the sample 
(Hayat 1974).
The light microscope images of the membrane were produced to enable 
visualisation of a larger section of the membrane surface.
This chapter presents the results of the visualisation of a pilsen beer, a 1:10 
dilution of a pilsen beer, a model beer and a dextrin solution, fouling a 0.45pm 
Carbosep membrane. The purpose of visualising the adsorption and filtration of these 
solutions was to serve as a comparison between the systems and to provide visual 
evidence for the fouling mechanisms on the membrane surface.
To enable images of the fouling membrane to be produced, membrane 
coupons were fixed into position in the coupon module and the experimental 
methodology carried out as described in Chapter 3. The coupons used for these 
experiments only have an average surface area of 127.7 xlO m^. Each micrograph 
therefore shows only a very small section of the total 40 xlO m^ surface area of the 
membrane.
7.1. Visualisation of the clean membrane.
Figure 7.1. shows the surface of a clean membrane prior to experimentation. 
The surface is predominantly composed of titanium oxide particles, with the pores 
shown as the dark gaps between these particles. The pores are approximately 0.45 
pm in diameter.
Figure 7.2. shows the side view of the Carbosep membrane. It shows that the 
filtration membrane is approximately 12 pm thick and is composed o f approximately 
30 layers of sintered titanium oxide. The membrane is set on a mechanical support of 
larger carbon particles which can be seen in the foreground of the figure.
In contrast to the SEM, a light microscope can show a larger lengthways 
cross sectional area of the membrane. Figure 7.3. shows the membrane on its side.
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The white area being the titanium oxide layer next to the light grainier looking 
carbon support. The black areas within the carbon support are holes. The surface of 
the image is striated as a result of inferior polishing of the resin block prior to 
visualisation.
7.2. The process of adsorption.
By looking at the process of adsorption between the membrane and the 
components in solution, it is possible to gain a clearer perception of the initial stages 
of fouling. Adsorption occurs as a result of contact between the membrane and 
solution components in a static environment. The lack of a transmembrane driving 
force ensures that no internal fouling occurred. The use of moving liquid or a driving 
force would allow the contact between the membrane and the solution to increase, so 
causing an acceleration of the fouling process. The interaction leading to adsorption 
between the components and the membrane is due to chemical and electrostatic 
interactions (Rowland 1965, Noble 1995).
7.2.1. The adsorption of beer.
Figure 7.4. shows that adsorption of beer has occurred after only 300 seconds. 
This is evident through the presence of gel patches on the membrane surface, the 
largest of which is 4.5 pm^. The gel patches in some images (not shown) covers as 
much as 50 % of the membrane surface. It would appear that fouling also occurs at 
levels below the surface particles.
After 2400 seconds. Figure 7.5. shows that the gel patches are still present, 
with the largest in the images being approximately 4 pm^ in size. The surface o f the 
membrane in the image also appears to be covered by a layer.
7.2.2. The adsorption of 1:10 beer.
The pilsen beer was diluted to a strength of 1:10 to ascertain its behavioural 
properties at a component concentration akin to that of the model beer. After 300 
seconds. Figure 7.6. shows that there is evidence o f adsorption through the presence 
of gel patches on the membrane surface. The surface fouling seen in the images (not 
shown) was inconsistent, as the membrane surface coverage was very patchy. The
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membrane surface again contains unrecognisable fouling textures, associated with 
the beer components.
After 2400 seconds. Figure 7.7. shows that there was evidence for the linking 
of some of the gel patches across the surface of the membrane. However, compared 
to the 2400 seconds beer visualisation of Figure 7.5, there is generally a similar level 
of surface fouling.
7.2.3. The adsorption of model beer.
The image seen in Figure 7.8. shows that after 300 seconds of contact with a 
model beer, there is linking of the surface particles as well as fouling of the 
membrane layer below the surface. It does however show, that prior to any fouling 
the membrane particles will become linked through adsorption.
The image produced after 2400 seconds seen in Figure 7.9. shows that larger 
consolidated gel patches have occurred, together with further surface particle 
linkages. It would also appear that adsorption occurs at levels below the membrane 
surface.
7.3. Crossflow filtration of beer, 1:10 beer and model beer.
The crossflow filtration experiments were conducted under the crossflow 
conditions of 1.2 m s'* and a transmembrane pressure of 0.5 bar.
7.3.1. The filtration of beer.
After a period of filtering pilsen beer for 300 seconds there was evidence in 
Figure 7.10. of a total surface coverage which obscured the membrane surface 
particles. Also visible were depositions o f anomalous particles and patches of 
unknown fouling on the membrane.
After a filtration period of 2400 seconds as seen in Figure 7.11. it was 
noticeable that the total fouling layer over the membrane was not so obvious as that 
experienced in the earlier micrograph. There was evidence of gel patches, large 
unknown substance fouling patches and the presence of anomalous particles on the 
membrane surface.
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7.3.2. The filtration of 1:10 beer.
After the filtration of the dilute beer for 300 seconds as seen in Figure 7.12. it 
was observed that there was coverage linking surface particles to one another over 
the surface area of the membrane. There were also patches o f gel present on the 
membrane surface together with unknown beer particles.
By 2400 seconds, Figure 7.13. shows there is a complete gel layer visible on 
the surface. From the images produced, it can be speculated that there was more than 
a single layer of fouling. This is deduced from the presence of white dehydration 
wrinkles on the gel surface. The presence of unknown particles indicated that the 
filtration solution was of real beer origin.
7.3.3. The filtration of model beer.
After 300 seconds of filtering the model beer the result can be seen in Figure 
7.14. There is almost a complete coverage o f the membrane surface through the 
linking of surface particles by a gel like substance with the exception o f some large 
holes and anomalous patches.
The image produced for the later stages of model beer filtration and seen in 
Figure 7.15. was generated at a higher crossflow velocity of 1.48 m s'* after a further 
1200 seconds than experienced by the other experimentally produced images. The 
flux by this time has achieved steady - state. After 3600 seconds of crossflow 
filtration the fouling layer appears to be completely obscuring the membrane surface, 
with the coating which appears more consolidated and denser in appearance. It can 
be seen (including images not shown) that the surface fouling layer can vary in 
thickness, as there were areas where the underlying membrane could be more clearly 
seen compared to the rest of the image.
7.4. Crossflow Filtration of model beer.
The experimental conditions used to produce the fouling images of a model 
beer at pH 4.8 were the average conditions of a crossflow velocity of 1.48 m s'*, and 
a transmembrane pressure of 0.5 bar used in the flux experiments. The images were 
generated over a selected time period to produce a time series from which 
assumptions could be made regarding the possible methods of membrane fouling.
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7.4.1. 30 seconds of filtration.
30 seconds into the filtration of a model beer, the surfaces of the membrane 
particles seen in Figure 7,16. appear to have a gel linking them together into discreet 
groups. There is also evidence for fouling occurring at levels below the membrane 
surface visible seen through cracks and holes at the membrane surface. These images 
(not all shown) are very similar to those of the adsorption after 300 seconds o f a 
model beer solution. There are also gel patches evident in the micrographs, one of 
the largest coverage’s being 3 pm^.
7.4.2. 60 seconds of filtration.
After 60 seconds. Figure 7.17. shows that the same initial features present in 
the 30 second images are duplicated in the 60 second images. After the additional 30 
seconds of filtration time, the gel patches have increased in size, with one image (not 
shown) having a gel patch of 42 pm^ in size. The texture o f the fouling also seems to 
have altered becoming coarser and grainier in appearance.
7.4.3. 300 seconds of filtration.
After 300 seconds of filtration time as seen in Figure 7.18, it was very 
apparent that there is a greater surface coverage. This coverage was obvious since it 
created difficulties in discerning the individual membrane surface particles. It was 
possible to distinguish the existence of early established gel patches as these 
appeared as the denser gel areas within the image. It was also possible to see that the 
levels below the surface were fouled as the gel linkages between particles are visible.
7.4.4. 3600 seconds of filtration.
After 3600 seconds of crossflow filtration of a model beer, it can be seen in 
Figure 7.15. that there is a layer completely obscuring the membrane surface. This 
layer appears to have become more consolidated and denser. The layer appears in 
some of the images (not shown) to vary in thickness, as there are areas where the 
underlying membrane could be more clearly seen compared to the rest o f the image.
In comparison with the long duration dextrin experiments very few electron dense 
dehydration wrinkles were apparent.
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7.5 The filtration of dextrin.
Figure 7.19. and 7.20. shows the state of the membrane surface after exposure 
to a crossflowed dextrin solution for 120 seconds at different magnifications. The 
images show a film extending over some of the membrane surface particles. This 
film did not achieve total coverage, because pores and surface deformations, such as 
holes have not been covered.
Figure 7.21. illustrates the state of the membrane surface after 1200 seconds 
of filtration time. This image shows a more complete surface-fouling layer, but again 
openings were present in the surface coverage. Figure 7.22. shows an alternative 
image of the same membrane using a different (kilovolts) kV value. The kV relates 
to the amount of voltage supplied to the electron gun. The higher the value the 
greater penetration of electrons into the surface of the specimen and the higher the 
resolution of the image (although some of the fine detail of the structure may be 
lost). As seen in the previous figure, there have been multiple fouling layers which 
developed on the membrane. The obvious white particles in the image were where 
excess gold deposits had the greatest electron reflection.
Figures 8.23. and 8.24. show the state of the membrane surface after 7200 
seconds of exposure to the crossflow dextrin conditions. It is apparent that a layer is 
completely covering the membrane surface causing the titanium oxide particles to 
lack definition.
7.6 Discussion.
The Silicaset holding the membrane in place also penetrated onto the coupon 
surface, where it will have disrupted the normal hydrodynamic flow of the tube. 
Therefore only the middle section of the coupon were viewed, making the image 
more representative of the fouling over the total length of the membrane.
The syringe tip protruding into the stream flow above the coupon may also 
have affected the surrounding hydrodynamics by setting up a downstream vortex in 
its wake. The syringe was originally used in the fixation o f the coupon, however for 
these experiments it was used to reduce the pressure within the module after the 
termination of the experiment.
It was possible that the release of the internal pressure may have affected the 
fouling present on the membrane surface. It was decided in light of this that groups 
of images were to be viewed for each time interval, with the presentation of only one
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or two images within this dissertation. This was an attempt to avoid the repetition of 
similar images. The possibility of artefacts and surface disruption cannot of course be 
ruled out.
7.6.1. Visualisation of the clean membrane.
Figure 7.1. showed the surface o f a clean membrane prior to experimentation. 
The surface was composed of titanium oxide particles with the pores shown as the 
average gaps between these particles were 0.45 pm in diameter.
The side view of the membrane showed the thickness of the actual membrane 
and helped to demonstrate that it was only the surface layers of the membrane which 
benefited from filtration being conducted in the crossflow mode. Below the top two 
surface layers the membrane resembles and acts as a dead end or a deep bed filter.
The light microscope image showed that the surface of the carbon support 
tube was not smoothed prior to the application of the titanium oxide. The image was 
able to show that the thickness of the titanium oxide was not of an even distribution 
around the tube. Therefore indicating that a single fouling mechanisms may not be 
universally applicable over the entire membrane surface. It is feasible that different 
locations on the membrane undergo fouling at different stages. It was seen in light 
microscope images (not shown) areas where the carbon support was exposed at the 
membrane surface whilst others sections have the membrane material extending into 
the carbon support by approximately 50 pm. This produces a very irregular surface 
which will impact on the flux output (for example, the exposed carbon support could 
allow the passage of undesirable components into the permeate) as well as the 
potential fouling mechanism.
The visualisation of fouling on the membrane coupon was also attempted 
with the light microscope. However, the resolution of this microscope was not great 
enough to detect the fouling layer on the membrane surface. Therefore, the fouling 
visualisation work was conducted with the SEM.
7.6.2. Adsorption.
7.6.2.I. The adsorption of beer.
The beer was a complex solution with a large range o f components not 
represented by the model beer solution. Therefore it would be expected that the 
visualisation images would show different results for the membrane — components
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adsorption and general interactions with the development of gel patches of unknown 
components on the membrane after 300 seconds. These images of fouling from beer 
were generated for comparative purposes, to ascertain whether the model beer was 
behaving in a fashion comparable to the real product.
The layer covering the membrane surface after 2400 seconds, if  extrapolated 
to the very early stages of filtration would restrict filtration not only by its presence 
but also as it would serve as a site for further aggregation and adhesion of additional 
components. Both the gel patches and the layer indicate a concentration of 
components which have interacted both with each other and the membrane to form a 
dense mass. As the concentrations and exact components of the pilsen beer are 
unknown, it would be unwise to speculate on the method of interaction.
1.6.22. The adsorption of 1:10 beer.
The inconsistency of the absorptive gel patches can be explained by the fact 
that the adsorption studies were conducted in static solutions, therefore the 
distributions of fouling components may not be evenly distributed throughout the 
solution. This is in addition to the already proven irregularities in the membrane 
thickness. However, the degree o f adsorption shown by the presence of gel patches 
seems comparable to that of full strength beer. The unusual features were consistent 
with those seen in the beer experiments, so were attributed to the components found 
present in the beer.
7.6.2.3. The adsorption of model beer.
The fact the model beer only produced surface particle linkages indicated that 
the membrane - component interactions were similar to that exhibited by the beer and 
1:10 beer. The presence of gel patches indicated further component — component 
interaction on top of the membrane -  component interaction that had already 
occurred to link the original membrane surface particles.
Therefore prior to any fouling, the initial process to occur on the membrane 
in conjunction with the use of a model beer solution, will be adsorption, linking some 
of the surface membrane particles.
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7.6.3. Filtration.
7.6.3.I. The filtration of beer.
After only 300 seconds of crossflow filtration of a pilsen beer, the membrane 
had become blinded by the high concentration of components in the beer. This 
blinding took the form of a fouling layer / s over the surface of the membrane. There 
were also the presence of relatively large unknown particles or aggregates of 
components. In comparison to the adsorption image of the same duration, the 
increase of components at the membrane surface was the direct result of the 
movement of the beer over the membrane surface - the hydrodynamic flow 
encourages fouling through component - component interactions. Or it could merely 
be the accumulation of large quantities of various components within the laminar sub 
layer adjacent to the surface resulting from the pulling force of the flux induced by 
the transmembrane pressure.
After 2400 seconds of beer filtration the membrane surface was still fouled as 
would be expected. However, the fouling layer now occurred as a continuous layer 
covering the entire surface in the micrograph. This fouling layer also coated the pre­
existing gel patches and large unknown particles on the membrane surface.
1.63.2. The filtration of 1:10 beer.
As the 1:10 beer is a diluted beer there will be less components present 
contrasted to beer. If this image of filtration after 300 seconds, Figure 7.12. is 
compared to the adsorption image of the same time frame, see Figure 7.6. It can be 
seen that the unknown deposits were less prone to occur, instead the membrane 
surface showed that the fouling process o f linking the surface particles has become 
more predominant. This would be a result o f the flux pulling the fouling components 
through the membrane.
The fouling achieved after 2400 seconds in a crossflow system was a lot 
greater than that experienced in the static system under adsorption, this being due to 
the increased contact of the components with the membrane. There were indications 
from the images that the fouling layer on the membrane surface was not continuous 
but occurred as more than one layer. This was indicated by the presence of the 
electron dense wrinkles of the surface fouling film. The gel patches and agglomerate 
patches indicate initial preferential deposition occurring early on in the process o f 
filtration.
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7.6.3.3. The filtration of a model beer.
It can be seen that after 300 seconds of filtration time that there was more 
contact between the surface particles with the flux of model beer through the 
membrane, than experienced by the static system. This had caused the gel layer to 
become consolidated through the process of further surface particle linkages joining 
up and producing a nearly continuous fouling layer.
After 3600 seconds of filtration the image showed membrane coverage that 
would indicate that the continuous development of the fouling layers did not require 
a complete fouling layer to have developed first. It seemed that the existing gel 
patches were simply filmed over. In some of the images (not shown) where holes 
larger than 0.5 pm existed, the gel film has difficulties in bridging this large gap, 
instead producing a smaller hole.
7.6.4. The filtration of a model beer time series.
7.6.4.1. 30 seconds of filtration.
It was possible that after only 30 seconds of flow that the only process to
have occurred would be that of accelerated adsorption, as both the attributes of 
adsorption, as seen in the earlier images were visible. The linking of surface particles 
would indicate adsorption, whilst the presence of gel patches would indicate an 
increase in concentration induced through greater exposure to the cross flowing 
solution.
7.6.4.2. 60 seconds of filtration.
After 60 seconds it is conceivable that all the initial adsorption was 
completed as all the membrane surfaces have gel coverage linking them to one or 
many adjacent particles. The gel patches had increased in size indicating that further 
component — component interactions were occurring as the gel was spreading out 
over component covered membrane areas. During this time internal fouling will 
invariably be occurring, however this method of visualisation is unable to produce 
images that show internal structures of the membrane therefore internal fouling was 
not apparent within these images.
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7.6.4.3. 300 seconds of filtration.
The obscuring of the membrane would have indicated the establishment of a 
gel layer, which in turn indicates the establishment of a concentration polarisation 
layer which will regulate the flux of both components and fluid. This layer would 
have developed through continual component — component interactions or merely 
concentration of the components at the surface of the fouling forcing them to come 
out of solution, which also impeded flux.
7.6.4.4. 3600 seconds of filtration.
The images were found to indicate that the continuous development of the 
fouling layers did not require a complete fouling layer to have developed first. It 
seems that the existing gel patches were simply filmed over. It would appear in some 
of the images (not shown) that where holes larger than 0.5 pm exists the gel film had 
difficulties in covering this gap enough to film over the hole.
The lack of the dehydration wrinkles as seen in the dextrin experiments could 
be the result of a less dense gel layer or the fact that the dehydration was a more 
steady process with the new components forming a more cohesive layer.
From this series it could be suggested that fouling starts with adsorption 
which occurs in conjunction with the standard blocking law allowing deposition of 
macromolecules in the internal surface of the pores. As these mechanisms occur they 
reduce both the area of the pore entrances and the pore diameter. The restriction of 
the pore entrance will eventually lead to it becoming sealed, as the gel will spread 
towards the centre of the pore from all directions simultaneously. However if  the 
pore is too large this will not occur, which was observed in the images. As the porous 
membrane surface became blocked, it leads to the development of additional fouling 
on the surface as more particles become trapped within the laminar boundary layer. 
Through component - component interactions, illustrated by the intermediate 
blocking law, these components can form a layer at the surface of the membrane, 
which with continual addition will produce fouling in the manner recognisable as the 
cake filtration law. This fouling is evident as the gel patches either rapidly develop 
on blocked surfaces or arrive as agglomerates and merely adhere to the membrane 
surface.
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A series of images generated from the same membrane subsection do not 
show exactly the same form or degree of fouling. This indicates that these images 
must be looked at as a group, with no individual image telling the complete story for 
that particular point in time.
7.6.5. The filtration of dextrin.
A time series of dextrin experiments were conducted to assess the behaviour 
of crossflow on the large model polysaccharide. These experiments produced images 
from 120 — 2700 seconds and showed the development of a fouling layer, which 
obscured the membrane surface.
Figure 7.19. illustrated that the film layer developed after 120 seconds of 
exposure to the dextrin solution. It showed a film extending over some of the 
membrane surface particles. This film layer did not achieve total surface coverage, as 
pores and surface deformations, had not been covered. This would account for the 
relatively higher flux experienced at this time in the experiment. The fouling 
coverage of the membrane in this fashion could be described by the standard 
blocking law, which reduces pore volume by adhering to the pore internal and 
external surfaces. Figure 7.20. shows a different section of the same membrane under 
a lower magnification. The film extending over the surface is not as apparent, but can 
be seen on the right hand side of the image.
Figure 7.21. shows the state of the membrane after a 1200 second period of 
filtration. This image shows a more complete surface fouling layer, but again holes 
are present in this coverage. Looking into the holes, it was possible to see that a 
fouling layer had developed below the surface used for primary filtration. It was this 
degree of fouling that had reduced the flux level to establish a steady - state. The film 
layer also shows rents and cracks which may be a result o f the uncontrolled drying 
process on the fouling film. Figure 7.22. shows an alternative image of the same 
membrane using a different kV value. This allowed a higher resolution image of the 
surface to be produced. As seen in the previous Figure 7.21, there were multiple 
fouling layers developed depending on the composition of the membrane.
Figure 7.23. and 7.24. showed the state of the membrane surface after 7200 
seconds of exposure to the crossflow conditions. It was apparent that a layer had 
completely covered the membrane surface causing the titanium oxide particles in the 
membrane to lack definition. The white strands on the surface of the image are
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believed to be the result of desiccation. If this was a film covering the surface, 
excessive or uncontrolled drying may have caused the surface film to contract, and 
possibly break whilst forming the very obvious white electron dense wrinkles.
7.6.6. Visualisation conclusion.
The technique of visualisation was a very useful method of confirming 
fouling theories predicted from the flux decline data. The main limiting factor was 
that only membrane surface fouling could be seen. A new technique will be required 
if in pore fouling is expected to be seen.
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Chapter 8. Discussion of fouling.
This chapter will draw together the model crossflow microfiltration results 
obtained in the previous chapters and attempt, through the supplementation of 
literature evidence to explain the fouling mechanism associated with the filtration of 
a model beer.
8.1. Kinetic experiments.
8.1.1. Flux decline experiments with varied transmembrane pressure.
The effect of increasing the working transmembrane pressure, increased the 
driving force and enhanced the flux across the membrane. This was proved 
experimentally as shown in Table 5.1. When the clean water was substituted for 
model beer, the flux began to decrease as the membrane became fouled. However, 
the driving force was not reduced, it simply had a larger resistance to overcome, as 
can be seen in Table 5.1. The highest flux was still produced by the highest 
transmembrane pressure even though the membrane became fouled.
8.1.2. Flux decline experiments with varied crossflow velocity.
By using clean water the effect o f increasing the crossflow velocity has 
shown that the pressure drop was over the membrane length was partially the result 
of the Bernoulli effect. However, when filtering model beer, this effect was no longer 
discernible. Initially the highest crossflow velocity achieved the lowest fluxes, see 
Table 6.1, but over time the increase in shear at the membrane surface helped to 
maintain a lower fouling rate and so maintain higher flux levels.
8.2. The effects of transmembrane pressure.
8.2.1. The effect of transmembrane pressure on the filtration o f model beer.
The mass decline of both dextrin and protein in the feed was the result of 
component transmission through the membrane and the formation of a fouling layer.
The largest permeate concentration of dextrin in the model beer was achieved 
with a transmembrane pressure of 0.5 bar.
The dextrin data demonstrated that there was fouling occurring on the 
membrane at all three of the transmembrane pressures through out the experiment. It 
was found that the highest transmembrane pressure produced the lowest dextrin
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accumulation figures. This was because the suppression of the boundary layer 
reduced the maximum thickness that the fouling layer could achieve. The resulting 
pressure induced compression of this fouling layer serving to limit the dextrin 
transmission through the membrane. Conversely, it was found that the lowest 
transmembrane pressure produced the highest retention values for dextrin. This was 
because of the large open fouling layer which could hold more dextrin, whilst 
allowing a large transmission through the membrane.
The values for fouling by protein at the lower transmembrane pressure values 
of 0.2 and 0.5 bar seemed to physically gain mass as shown in Chapter 5. The highest 
transmembrane pressure of 2.5 bar demonstrated the largest retention of protein after 
900 seconds. This would be the result o f accumulation within the fouling layer. This 
would probably be achieved through entrapment with the dextrin molecules on the 
membrane surface. It was also feasible that the protein has been aggregated as 
explained in Chapter 5 and Appendix 6 and incorporated into the fouling in this 
form. However, industrial research has not attempted to look for individual 
components in this way -  making this line of inquiry unique to this research thesis.
8.2.2. The effect of transmembrane pressure on the filtration of beer.
Although the transmembrane pressure provides the driving force in filtration 
experiments, an increase in pressure does not always lead to an increase in flux. It 
was stated that the flux increases linearly at low pressure, but above a critical 
pressure, the flux becomes independent of pressure and remains constant (Fillaudeau
1998). An unsuitably high transmembrane pressure can lead to the increase in 
retention of protein at the membrane surface. It is also possible that adsorption will 
increase as a result of the shear damaging the proteins. The exposure of the 
hydrophobic groups on the protein leading to increased adsorption potential 
(Blanpain 1993).
The result of increasing the transmembrane pressure on a feed solution of 
tank bottoms will cause the flux to increase. However, if  a high transmembrane 
pressure was used this could result in the compaction of the yeast on the membrane 
surface which created a restricted in the flux (Ryder 1988).
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8.3. The effects of crossflow on filtration.
8.3.1. The effect of crossflow velocity on the filtration of model beer.
An increase in crossflow causes an increase in the wall shear at the membrane 
surface. This had the effect of disrupting the fouling layer on the surface of the 
membrane.
It was found that the optimum crossflow velocity for this system in Chapter 6 
was operating velocity of 1.48 m s'  ^ when the average of the duplicated results were 
considered.
As the crossflow velocity increased, the mass of dextrin unaccounted for by 
analysis (presumed fouling) decreased. This was a result of the increasing velocity 
reducing the boundary layer thickness where fouling can accumulate. However, at 
the highest velocity, the largest amount o f fouling protein was found to exist in or on 
the membrane. As of yet no definitive explanation has been found for this 
occurrence.
The speculative method of membrane fouling can be seen further on in this 
section. It was concluded that alteration of the crossflow velocity would only serve to 
disrupt the surface layers once fouling has occurred. Through the manipulation of 
this parameter we can see a disturbance in the fouling layer. This was illustrated by 
the decrease in the mass of dextrin and the increase in mass of protein presumed 
fouling at the highest crossflow velocity.
8.3.2. The effect of crossflow velocity on the filtration of beer.
An increase in the velocity when using unfiltered beer causes an almost linear 
increase in the specific resulting flux (Walla 1994). The flux enhancement resulting 
from increases in crossflow velocity also causes an increase in cake corrosion 
(Burrell 1994, Fillaudeau 1998). This was also found to be the case with the 
crossflow filtration of tank bottoms (Ryder 1988). However, the effect of 
hydrodynamics was only limited to the membrane surface and the very top layers o f 
the membrane (Fillaudeau 1998).
An optimum working crossflow velocity for the filtration of rough beer was 
found to be 2.2 m s  ^ by Burrell (1984) see section 6.2.2. This value being not 
dissimilar to the optimum crossflow velocity indicated with the use of the model 
beer. It was found that to operate in excess of this value with the filtration o f beer 
causes problems with escaping gas and represented a waste of power (Burrell 1994).
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There were no specific literature results that could be found pertaining to the 
deposition of specific membrane fouling components over a range of crossflow 
velocities.
8.4. The interaction of model beer components.
The main physiological and behavioural functions of the albumins are in the 
roles of osmotic regulation and transportation. They can transport substances, which 
are sparingly soluble in water, but readily dissolvable in the presence of serum or 
plasma, such as ions of fatty acids (White 1964) but not carbohydrates. In 
communication with Lee (2000) it was concluded that BSA binds lipids and not 
carbohydrates. The protein used for this dissertation experiments was a minimum of 
96 % BSA with 4 % globulins. This reduces the possibility that the solution contains 
glycolipids, which would have the innate ability to bind to carbohydrates.
Therefore it is more likely for the proteins to undergo protein — protein 
interactions. This involves the unfolding of the native protein followed by 
association of the polypeptide chain by covalent and non-covalent forces (Meyers 
1995). Protein -  protein interactions allow the development of a 3D network. This 
network being held together by cross links, formed by sulphydryl groups (Gan 1992, 
Belfort 1994, Kelly 1995, Meyers 1995, Giiell 1996) or through hydrophobic 
interactions (Gan 1992, Meyers 1995). To maintain stability requires attractive forces 
to initially form a network and repulsive forces to prevent its collapse.
If an alternative protein had been used in the model beer, interactions 
between the protein and carbohydrate fractions might have occurred. This could be 
proposed as the combination of the aldehyde group in the sugar with the proteins 
amino groups (Pigman 1948) as illustrated in Eq 8.1
R - C H O  + R'NH^ - ^ R - C H  = NR'+H^O (Eq8.1)
This is similar to the initial stage of the Maillard reaction where condensation is the 
primary process that occurs between the protein and the carbohydrate (a). Although 
this reaction usually requires heat as an initiator, it can occur during storage at room 
temperature (b).
http://foodsci.orst.edu/color/maillard/reaction a.html 9/1/01). 
(http://www.bevondves.com/tu-i-l/raw-cooked-lb.shtml 9/1/01)
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This forms irreversible complexes which if left will turn the glucose -  protein 
product brown in colour and will render the complex insoluble (Meyers 1995). 
Further development usually associated with heat, produces roasted aromas and 
insoluble melanoidins, as seen in the brewing industry after the barley malting or 
during wort boiling.
Dextrin is a plant storage carbohydrate, derived as a hydrolysis product of 
starch. Through the use of heat, acid or enzymes, starch can be cleaved to produce 
limit dextrins and fermentable sugars. In beer, the inability to degrade limit alpha 
glucans (dextrin) leads to poor ftlterability and the formation of alpha glucan gels. 
Therefore it can be concluded that size plays an important part in the gel formation 
(Letters 1995).
This is in addition to the fact that dextrin is a carbohydrate with both 1-4 and 
1-6 links, resulting in a branched structure, with an increased potential to foul. 
However, the elimination of dextrin from beer is not a viable option as it imparts 
nutritional value, whilst serving as a flavour carrier and promoter of head formation. 
It may also serve as a protective colloid and carbon dioxide binder (Pollock 1981).
Unfortunately, very little research has been published about the mechanism of 
dextrin fouling membranes, so conclusions have had to be drawn from other dextrin 
based processes. When used as a flocculation depressant in mining separation, the 
adsorption mechanism of dextrin was dependent on the mineral surface. This meant 
that adsorption could occur through chemisorption, physisorption and hydrophobic — 
hydrophobic interactions. The adsorption was pH dependent, with the maximum 
adsorption occurring at the pH where the mineral surface has become highly 
hydroxylated (Bhaskar Raju 1997).
The filtration membrane used for these experiments was composed of 
titanium oxide with a hydrophilic nature. It is therefore thought that the methods 
proposed above would not be the main methods for dextrin adsorption in this case. 
However, it can be seen from the SEM micrographs that dextrin fouls and develops 
an obvious fouling layer on the surface of the membrane. The proposed mechanism 
for this would be hydrogen bonding between the individual dextrin polymers. Due to 
their length and complexity, many hydrogen bonds can be established over their 
length producing a reasonably strong gel structure that would still allow the 
permeation of water and smaller compounds. It may even be possible for cross
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linking to occur with the development of covalent bonds as the water was excluded, 
this energy being supplied by the pump and solution velocity.
It is possible that some of the dextrin has adopted the form of cyclodextrins, 
these are large carbohydrate rings composed of non reducing oligosaccharides, built 
into six- eight glycopyranose units (c). These cyclodextrins can form inclusion 
complexes, folding itself around a polymer or a pre-formed inclusion complex of 
protein or polyphenol (Letters 1969). They have been proposed to be a major source 
of haze formers in beer solutions.
At this point we cannot definitively prove what interactions have occurred 
between the components. However, the interactions o f the various species do 
produce ramifications with regard to filtration. The development o f any complexing 
can lead the development of aggregates, which will impact on membrane fouling.
8.5 Protein -  carbohydrate interactions in model beer.
In the work conducted by Eagles (1998) it was proposed that the protein, 
casein, when in combination with a the model polysaccharide, starch, caused a more 
severe fouling to occur during crossflow filtration, suggesting that there may make a 
synergistic contribution to fouling. However, in the work conducted by Meier (1995) 
the components of beta glucan, com protein and tannic acid had a synergistic 
influence on each other with regard to filtration. This allowed the passage of specific 
components through the membrane causing preferential fouling of the secondary 
membrane with carbohydrate whilst the initial membrane became mostly fouled by 
the protein.
8.6. Fouling images.
Protein -  protein interactions were visualised in the work of Lake (1996) 
existing as aggregates, strands and meshes. This work was particularly important as 
it uses the same membrane and BSA protein used within this work. It concluded 
(from Lake’s work) that protein was not the dominant foulant in the case of model 
beer filtration, as none of the previously described stmctures were visible on the 
membrane surface at any time.
(C) (http://freevellow.com/members3/cvclodex/ 30/3/99).
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In the visualisation studies conducted with the dextrin solution, there were no 
aggregated deposits visible on the membrane surface at any stage of the filtration 
experiment. There was an initial development of a layer coating individual 
membrane particles and entering into the pore voids, but not completely filling the 
membrane pore. After 1200 seconds, a nearly complete layer was observed on the 
surface with the exception of the larger holes and cracks in the membrane layer. 
After 7200 seconds, a complete fouling layer obscured the membrane surface. This 
fouling consisted of multiple layers illustrated by the fact that the surface layers have 
shrunk to become white wrinkles, whilst the lower fouling layers still obscured the 
membrane.
The model beer shows the deposition of fouling within the very early stages 
of filtration. This was similar to the observation made during the static adsorption 
from the model beer. Once an initial layer had adsorbed to the membrane, the fouling 
tended to occur in clumps on the membrane surface. This clumping can be explained 
during crossflow filtration as areas of localised high fluxes. In contrast to the dextrin 
filtration, the model beer solution has established a complete fouling layer after only 
300 seconds of filtration time. This is probably the result of the filtering a more 
complex solution with a greater component concentration (3,300 mg compared with 
the 600 mg of dextrin). However, this fouling appears to only have the surface layer 
existing as a continuous fouling layer. The lower layers appear to be incomplete 
suggesting that fouling interaction occurs laterally and not between layers.
8.7. The proposed fouling mechanism of model beer.
The fouling mechanisms from the work conducted with the dextrin and the 
model beer solutions cannot be directly compared. The graph in Figure 8.1. showed a 
comparison of the flux decline of a dextrin solution alongside the flux decline of 
solutions of model beer. All the experiments were conducted at a pH of 7.5, therefore 
these results must stand alone and not be compared with the other data pertaining to 
model beer solutions which are conducted at a pH of 4.8. This figure has been 
included to show that the model beer fouls with more severity than the dextrin alone, 
indicating that the other components in the model beer are having an effect on 
fouling and that a single component is not solely responsible.
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Figure 8.1. A comparisons of flux decline between a dextrin and model beer
solutions. Experimental conditions; crossflow velocity 1.45 m s '\  transmembrane
pressure 0.5 bar, at a pH of 7.5.
Haffenreffer et al (1968) found that when using a porous membrane to filter 
albumin and dextrin that it took ten times the amount of protein to foul a 0.6pm 
polyvinyl chloride dead end membrane than it did carbohydrate.
This can be verified by the experimental masses of dextrin and protein 
present in the final collection of permeate samples. These results can be seen in 
Table 8.1. In all cases shown the dextrin mass was higher than that of the protein.
Table 8.1. The mass of dextrin and protein in the terminal permeate sample.
Transmembrane pressure experiments at 1.48 m s'"' Dextrin (mg) Protein (mg)
0.2 bar 7.2 5.7
0.5 bar 7.6 2.3
2.5 bar 5.1 1.7
Crossflow experiments at 0.5 bar Dextrin (mg) Protein (mg)
0.71 m s'^ 6.3 2.1
1.48 m s'^ 7.6 2.3
2.38 m s'" 5.7 1.8
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This was by a factor of at least two in the majority o f results. This is in 
addition to the mass unaccounted for by analysis, see Figures 5.12a, b, c, 5.13a, b, c 
and Figures 6.9a, b, c, 6.10a, b, c. These figures showed that more dextrin was 
unaccounted for than protein. This may infer that the majority o f the fouling was due 
to the dextrin, which preferentially allowed molecules of its own species through the 
membrane as permeate.
It was shown by Gan et al (1997) than protein was not a major foulant. The 
addition of proteases to the beer before filtration only produced a small increase in 
beer flux. Stopka (1999, 2000) also showed through flux decline experiments that 
beer proteins were not a major beer foulant. Whilst post filtration beer membranes 
investigated by Taylor (1999) showed that the majority of the foulants removed 
proved to be carbohydrates. However, contrary to expectations the carbohydrate was 
not beta glucan. Protein was also found to have been deposited, but this was 
proposed to be in the form of complexes associated with polyphenols.
The model beer created for this experimental work did not include any 
polyphenols, the component with which the protein is most usually associated. The 
common result of protein and polyphenol interactions is visible as turbidity or beer 
haze within the beer (d). In the experiments of Stopka (2000) it was shown that when 
filtration removed components were added back to the filtered beer, it was the 
polyphenol which produced the greatest flux decline. Therefore the protein results 
shown in this dissertation are taken to be the fouling layer produced by a protein and 
not of a protein complex, as would invariably be the case in beer.
It has also been concluded that filtration of beer in the presence o f yeast is 
beneficial. This will be explained later within this section.
8.8. The proposed explanation of the fouling mechanism.
The initial fouling process, which is proposed to occur in crossflow 
microfiltration, is surface adsorption as seen the schematic in Figure 8.2. This 
process was seen to occur during the initial stages of model beer filtration illustrated 
in Figures 7.8. & 7.9.
(d) (http://www.nvsaes.comell.edu/fst/facultv/siebert/haze.html 20/01/99).
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Figure 8.2. Proposed fouling stage 1.
The adsorption occurs rapidly on all the exposed surface of the membrane -  
both on the surface and on the internal pore walls. The contact between the adsorbing 
component and the surface is due to crossflow velocity and transmembrane flux 
respectively. When the membrane comes into contact with a macromolecular 
solution, the solute molecules will adsorb at the surface due to physio chemical 
interactions e.g., hydrophobic interactions (dispersion forces) polar interactions 
(dipole - dipole and dipole induced dipole force) charge transfer (hydrogen bonding) 
(Noble 1995), and electrokinetic forces (Blanpain 1993). If  protein is the adsorbing 
component then anchor proteins link to membrane surface by Ca^^ in the protein 
composition (Lenoël 1994). As it is unknown which component is responsible for the 
initial adsorption layer, the methods involved are only speculatively based on other 
work.
Even with only a single layer of adsorbed foulants, the internal pore area 
available for permeation has been reduced, therefore a rapid decrease in flux will be 
expected. From this stage onwards the deposition of fouling aggregates can occur, 
with the consequence of reducing flux and serving as a site for additional fouling to 
occur.
Following the deposition of the initial fouling layer, further fouling will occur 
with fouling macromolecules or colloids become attached to the initial adsorbed 
layer through weak hydrophobic / electrostatic interactions (Lenoël 1994). 
Macromolecules can also adhere to the interfaces by multiple points o f physical 
adsorption and can extend into the adjacent phase. Thereby forming a bridge of 
multiple van der Waals strength (Rowland 1965). Or in the case o f beer protein 
having been deposited, the gel layer is bound to the anchors molecules by weak 
hydrophobic / electrostatic interactions (Lenoël 1994). As these interactions develop
170
Discussion
on the membrane surface, they gradually spread to form bridges over the open pores. 
This growth being fed by the increasing concentration o f unfiltered components at 
the membrane surface (Cherkasov 1990). The size of the pore will dictate the amount 
of time this takes to occur. This bridging effect is schematically illustrated in Figure
8.3. It was also witnessed during the filtration of model beer as seen in Figures 7.16. 
& 7.17. Bashir (1992) proposed that a gel layer of solute is less porous than a packed 
bed of particles. This therefore confirms the prediction that even the thinnest layer of 
gel fouling will be able to reduce the flux to some extent.
Fouling over of m embrane surface, not completely 
covering the pores
^ Î
Figure 8.3. Proposed fouling stage 2.
This bridging of the pores will eventually lead to the development of a film of 
colloids on the membrane surface, which is referred to as the secondary dynamic 
layer or the gel layer, as seen as a schematic diagram in Figure 8.4. This mechanism 
can also be seen in Figures 7.18. The mass balance results in Figures 5.12. & 
5.13.and 6.9. & 6.10 also indicate this mechanism. After 600 seconds the fouling 
layer becomes constant in dextrin and protein mass indicating stabilisation. The 
formation of a solid gel layer is caused by the complete overlapping of the pore 
caused by an increase in the thickness of the dynamic gel cappings (Cherkasov 
1990). This layer not only reduces the permeation o f flux, as it serves as further 
resistance but the layer also serves to reject macromolecules from permeation as they 
do not fit through the gel matrix. This is particularly evident in the case of protein 
where the retentate retention continuously increases over time, see Figures 5.7. & 
6.6. To enable this fouling layer to stay intact requires not only a constant supply o f 
components but also a fine balance of forces to hold the structure together. The 
passage of components through the membrane can be a result o f the their very small 
size, or the constant driving force of transmembrane pressure. This constantly causes
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the arrivai of new components at the surface of the fouling to force the components 
nearest the pores underneath the gel layer to be passed through the membrane.
Fouling layer developed over m em brane surface
Figure 8.4. Proposed fouling Stage 3.7
It was found that if beer was filtered to remove any components larger than 
100 kDa then the only form of fouling that occurred over a three hour microfiltration 
run was dominated by internal fouling. It can therefore be concluded that the size of 
the components being filtered is important (Czekaj 2000).
The permeate flux level was indicative of the amount of membrane fouling 
that had occurred. To some extent this could be controlled through the adjustment of 
the physical parameters such as transmembrane pressure or crossflow velocity. See 
Tables 5.1. & 6.1. The explanations for these occurrences have been given in 
Chapters 5 and 6.
The average flux stated for the filtration of rough beer in a tubular membrane 
in the relevant literature was between 20 and 50 L m'^ hr'^ (Reed 1986, Burrell 
1994a, Gill 1994), however to become an economically viable process, the flux is 
required to achieve a level of 150 -  200 L m'^hr’  ^(Peachy 1991).
During the filtration of protein solutions, various authors have indicated a 
three-stage process associated with flux decline. Initially there is an adsorption of a 
protein monolayer to the membrane, also described as concentration polarisation. 
This rapidly reduces the flux output. The second stage is described by flux loss due 
to the deposition of protein within the presence of the concentration polarisation 
layer. The final stage is attributed to the bridging of the pores to produce a complete 
fouling layer, further fouling deposition and consolidation (Nagata 1989, Marshall 
1993). Concentration polarisation being described as the reversible build up of 
macromolecular concentration within the boundary layer (solution phase) adjacent to 
the membrane — solution interface as a result of balance between convective drag
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towards the membrane and the back transport away from the membrane 
(Belfort 1994, Ousman 1995).
If these experiments had been run to mimic a rough beer, the fouling would 
have occurred somewhat differently, with the mechanisms of fouling including yeast 
particles causing in pore plugging, partial pore plugging and the development of a 
cake layer instead of a gel layer. The presence of the cake layer prevents, or retards 
the development of any gel layers on the membrane surface, instead allowing fouling 
to occur on the deposited yeast particle surface (Giiell 1999), so producing high flux 
rates, as the pores remain clear from major obstructions, see Figure 8.5.
Fouling example seen with rough beer. 
Particles -  yeast
♦ y'.I }
Membrane
Figure 8.5. Proposed fouling including large particles.
From work conducted by G’Shaughnessy et al (1997) it was found that as the 
yeast concentration in beer increases, the ability to filter increases. This technology 
has been successfully applied to the industrial filtration of tank bottoms, recovering 
beer from the yeast. The membrane crossflow filtration has the ability to recover 
30,000 hL per annum of tank bottom beer from a 2 million hL a year brewery 
(Schlenker 1994).
However, the figures for beer recovery vary as the fluxes are very dependant 
on the membranes used (pore size), the hydrodynamics (crossflow velocity, 
transmembrane pressure and the use o f back washing) and the nature o f the beer 
itself (solids loading). The recovery figures from tank bottoms for beer ranges from 
15 to 40 L m  ^hr  ^ (Reed 1989, Fillaudeau 1999). It was found that the components 
responsible for fouling beer filtration membranes are not influenced by the 
membrane material (Meier 1995). What was made clear was that the additional use 
of finings in the beer suspension, particularly isinglass, was unsuitable for use with
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crossflow filtration as it severely fouls and reducing the possible flux output (Le 
1987, Reed 1989, Burrell 1994a).
8.9. The crossflow filtration of beers.
Membrane fouling whilst filtering beer becomes evident through two main 
features; A rapid decline in filtrate flux (Blanpain 1993, Czech 1995, Taylor 1998) 
and the change in filtrate product, indicating preferential passage o f only certain 
components (Lagles 1997, 1998).
The main difficulty in looking into this phenomenon is that different beers,
themselves produce different fluxes. This is a direct result of their variation in
components, the quantity o f specific fouling components and their potential fouling 
behaviours (Czech 1995, Taylor 1998). The fact that beer is a notoriously difficult 
substance to work with was demonstrated by the work undertaken by Gill (1994). 
This research that showed although experiments were conducted with the identical 
parameters of 2.5 m s  ^ crossflow velocity, a transmembrane pressure o f 1.3 bar in a 
0.5 pm Ceramem module. The different beers, and in one case, the same beer type 
produced very different average fluxes over the same 5 hour period. The average 
fluxes produced ranged from 13.2 -  50.1 L m'^ h r '\
8.10. The model beer in association with constant pressure blocking law.
In an attempt to confirm the fouling mechanisms associated with the fouling 
of model beer, the constant pressure blocking laws were applied to the average 
smoothed data fluxes of the model beer experiments, see Figures App 1.2. -  1.7. 
These laws were graphically presented in association with the sum of the error 
squared to allow their fitting against the original model beer decline data.
The data used to produce the comparison of flux with the constant pressure 
blocking laws were not gathered with this purpose in mind, because as the permeate 
samples were being constantly collected for bioehemical analysis, the computer 
recorded flux data was regularly disrupted by the exchange of sample pots. Thereby 
creating less data on which to conduct the mathematical computations.
The pressure blocking laws when initially laid over the start o f the model beer 
kinetic data (0 -  300 seconds) can be seen in Tables 8.2. & 8.3.
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Table 8.2. The constant pressure blocking laws associated with the varying 
transmembrane pressure experiments.
Experiment Time in Seconds
0 -100 100-200 200 -300 End
0.78 m s'^ IBM/SBM IBM/SBM IBM IBM
1.48 ms'" CBM/SBM IBM CBM/SBM SBM
2.38 m s'" IBM / SBM CBM/SBM/IBM CFM
Table 8.3. The constant pressure blocking laws associated with the varying crossflow
velocity experiments.
Experiment Time in Seconds
0 -100 100-200 200 -300 End
0.2 bar SBM CFM SBM/CFM SBM
0.5 bar CBM/SBM IBM CBM/SBM/IBM/CFM SBM
2.5 bar CBM/CFM CFM CBM/SBM / IBM/CFM IBM
CBM
IBM
SBM
CFM
Complete blocking model 
Intermediate blocking model 
Standard blocking model 
Cake filtration model
The addition of a 5 % margin of error helped to discern the laws that best 
interpreted the data. Over the majority of the experiments the most applicable law 
was the standard blocking model, indicating internal pore fouling.
For experiments conducted with a variation in transmembrane pressure, the 
intermediate blocking model was also important. Only the transmembrane pressure 
of 2.5 bar had a final experimental value similar to the cake filtration model. The 
lower pressures were still comparable to the intermediate and standard blocking 
models. Whilst the crossflow velocity variation experiments showed that in addition 
to the standard blocking model, the complete blocking model was also initially 
important. However, this dominance was gradually replaced by the influence of the 
intermediate blocking model and the cake filtration model. The final flux models 
being the standard and the intermediate models.
It would be feasible to have more than one model existing at any one time as 
the filtrate flux upon which the filtration law profiles are generated is the total 
volumetric data produced over the 40 cm^ of membrane surface, so differing fouling 
strategies could be occurring at different sites over the entire membrane. However, 
the steady - state flux will be governed by a singe law, invariably the cake filtration 
model as this was the only law which accounts for a progressive fouling with time.
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However it was concluded that these experiments were terminated too early 
for accurate conclusions to be deduced regarding the final blocking law associated 
with the filtration for the various model beer experiments.
In the case of model beers it was seen that the standard blocking model and 
the intermediate blocking model were the initial fouling methods observed. This 
compared well with the results associated with the crossflow filtration of rough beer 
when the constant pressure blocking laws were fitted to this flux decline curve. The 
best initial fit was for an internal fouling model (SBM) leading to an external fouling 
model (IBM) and the production of a surface fouling layer (CFM) on a 
microfiltration PET membrane with a pore size of 0.2pm (Lenoël 1994).
Similar experimental results were found using a stirred dead end cell to filter 
both clarified and rough beer through a 0.2 pm polycarbonate membrane. The 
standard blocking and the complete blocking models were concluded to be associated 
with the initial protein retention on the membrane, whilst the combination of the 
standard blocking and cake filtration models were associated with the development 
of a gel fouling layer at the membrane (Blanpain-Avet 1999).
8.11. The dextrin solution in association with constant pressure blocking law
The crossflow constant pressure blocking laws were applied to a dextrin flux 
decline curve and presented in Figure App. 1.8. From the filtration laws, the cake 
filtration model fitted the most closely, particularly over the latter stages of the 
experiment, whilst over the initial stages of the experiment the pattern o f fouling was 
difficult to attribute to any one particular law. The dextrin flux decline was shown 
with five percent error bars, see Figure App 1.8. The blocking law decline curves, 
which are plotted within these error margins could be considered as possible fits, for 
the results, see Table 8.4.
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Table 8.4. The constant pressure blocking laws associated with the dextrin flux
decline experiment.
Blocking Law Time in Seconds
100 100-200 200 - 300 300-400
CBM X
SBM X X
IBM X X
CFM X X
Over the initial 100 seconds, all the blocking models are potentially involved in 
the fouling process. Over the period of 100 — 200 seconds, the standard blocking law 
started to assume dominance; coincidentally this was chosen as the dominant law in 
the visualisation of the 120 seconds dextrin coupon experiments. From this time 
onwards the cake filtration law starts to parallel the data with the most success. This 
can be explained by the fact that once a surface layer has become established on the 
membrane the further addition if molecules to the layer becomes more randomised 
allowing still allowing the passage of the filtrate. Thus effectively becoming a 
secondary membrane, with differing filtration properties.
8.12. The fouling layer thickness.
In an attempt to calculate the weight of the fouling layer deposited on and in 
the membrane. The following process was undertaken. By subtracting the weight o f a 
fully wetted membrane from a membrane which had been used to filter a model beer 
for 7200 seconds at a crossflow velocity of 1.48 m s'  ^ and a transmembrane pressure 
of 0.5 bar. The difference in weight between the two would give the weight of the 
fouling deposit, which was 128 mg. This seemed excessive when compared to the 
mass balance determined earlier but it has to be remembered that the model beer 
solution is composed of a total of 3300 mg of the dissolved of dextrin, BSA and 
glucose. Thus making this a feasible figure.
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To calculate the layer thickness, see equation 8.2.
(Eq8.2)
t M of deposit over area, (kg m^)
m Mass of deposit (kg)
p Density of the deposit (kg m^)
A Area of membrane (m^)
T Thickness of deposit (m)
8 Packing void ratio (0.4)
The density for dextrin was taken to be the same as a 20% sucrose solution 
which had a density of 1070 kg m^ (Fellows 1988) and for BSA the density was 
assumed to be that of an average protein at 1300 kg m^ (Berlitz 1986). The area of 
the membrane was calculated at 40 cm^.
The calculation for equation 8.3. assumes the fouling deposit to be only 
located on the membrane surface - it does not account for internal fouling. Although 
the experiment was run using model beer, the thickness of the fouling layer has only 
been calculated as if  fouling only occurs with a single component. If the deposit was 
composed purely of protein it would hypothetically measure 33.5 nm in thickness 
over the membrane surface. Whilst for a purely dextrin based deposit, the fouling 
layer thickness would be 37.1 nm over the entire membrane surface. The thickness of 
both these hypothetical fouling layers occur within the calculated 1.3 mm thickness 
of the laminar boundary layer at the crossflow velocity of 1.48 m s ' \  The resulting 
fouling depth being regulated by the thickness of the boundary layer and the amount 
of shear present at the membrane surface. The thiekness of the fouling layer for each 
component will vary under alternative parameter conditions.
In work looking at crossflow microfiltration using both rough and clarified 
beer it was concluded that a cake thickness of 10 to 100 pm was negligible compared 
to the channel diameter. The filter being used was a multi-channel membrane 
(KERASEP 01 — X and W) with pore sizes of 0.45 pm (7 channels with a diameter 
of 4.50 mm) and 0.8 pm (19 channels with a diameter of 2.5 mm) (Fillaudeau et al
1999).
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Chapter 9. Conclusions and future work.
9.1. Conclusions.
The main objectives set for this dissertation have been achieved. These included 
research into;
• The development of a model beer (in conjunction with a typical pilsen beer).
• The effects in the variation of concentration, transmembrane pressure and 
crossflow velocity.
• The quantification of the components of dextrin and BSA in crossflow filtration 
fouling.
• The visualisation of membrane surface fouling.
As a result of work conducted on various carbohydrates, it was concluded that 
the best representative for a long chain polysaccharide would be dextrin whilst 
glucose was selected as the simple sugar. Together these would represent the total 
carbohydrates present in beer. Concentration experiments showed that it was not 
feasible to run at the correct concentration of dextrin and be able to recover the clean 
water flux to a satisfactory post cleaning quantity. It was therefore decided to operate 
at a concentration one tenth of a standard pilsen beer. To test for further limitations 
on the system, transmembrane pressure and crossflow experiments were run. The 
results of these experiments were that upper transmembrane pressure and crossflow 
velocity maxima, above which the clean water flux could not be recovered, were 
identified. Although the maximum transmembrane pressure in the dextrin 
experiments was later exceeded in the model beer experiments as the cleaning 
regime underwent alteration.
Other experiments were conducted to assess the behaviour of the additional 
components of ethanol and protein. The final concentration and components for the 
model beer were identified in Table 4.7.
Experiments using the model beer were conducted over a range of 
transmembrane pressure and crossflow velocity values. The minimum and maximum 
values of these parameters were selected to be within the turbulent hydrodynamic 
range achievable with the experimental rig. The mid range value served as a 
comparison between the two, allowing the gathering of not only kinetic and 
quantitative data, but also fouling visualisation information. The parameter of 
concentration having been discussed earlier.
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The conclusions that can be drawn regarding the flux kinetics of the filtered 
solutions were that optimum working parameters of transmembrane pressure and 
crossflow velocity were identified. Filtering a model beer through a 0.45 pm 
Carbosep membrane the optimum transmembrane pressure was found to be 0.5 bar, 
whilst the optimum crossflow velocity was around 1.48 m s"\ These were also the 
conditions used in filtration of the model beer through the coupon sections for 
fouling visualisation.
From the quantification of components during the experiments, it can be seen 
that fouling does not completely restrict the flow of components through the 
membrane. The fouling that develops merely becomes a secondary dynamic filter 
reducing the size of the components that can be allowed to pass through the 
membrane. It was found in the transmembrane pressure experiments that dextrin was 
the predominant membrane fouling component inferred by the mass balance results, 
whilst the protein was retained only by the highest transmembrane pressure. A 
similar phenomenon was seen in the crossflow velocity experiments -  dextrin was 
the main foulant species, whilst the protein was retained only in the experiments with 
the highest crossflow velocity of 2.38 m s '\  No current explanations can be offered 
for this unusual occurrence.
From the experimental results, it can be concluded that the crossflow velocity 
is solely responsible for the surface deposition whilst the transmembrane pressure is 
the driving force responsible for fouling the inside the membrane.
The scanning electron microscope (SEM) micrographs showed that over time 
fouling accumulated very obviously on the membrane surface. The detailed 
explanation is given in Chapter 7 and linked to the fouling mechanism explanation in 
Chapter 8. However, this technique was limited, as it could not be used to assess 
internal fouling to any extent.
The fouling mechanism of a model beer undergoing crossflow microfiltration 
can be speculatively explained by three major stages of fouling as summarised 
below. However for a more detailed explanation, see Chapter 8.
• Stage 1 Adsorption occurs rapidly on the membrane surface and within the
pores as the model beer passes over or through the membrane. This 
internal adsorption restricts flux through the membrane. From this
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Stage until the establishment of the steady - state flux the deposition of 
aggregates can be expected to occur.
Stage 2 Deposition of macromolecules onto this adsorbed fouling layer. This 
will allow fouling caps to occur on the surface between the pores. It is 
the growth of these caps, which further restrict the flux.
Stage 3 The development of a complete surface layer - whether through the
growth of the fouling caps or deposition of additional macromolecular 
material. The subsequent development of the fouling layer will be 
controlled both by transmembrane pressure and the hydrodynamic 
conditions prevalent in the system.
9.2. Future W ork.
The main aim of this dissertation, the production of a model beer and an 
investigation into its fouling methods during crossflow microfiltration were achieved 
successfully, but there is much yet to be done and there are areas where the research 
can be expanded and improved upon.
The main limitation for this work was the filter membrane. As this research 
area was a continuation from a previous study, the choice of membrane was already 
decided, and this type of membrane is not the optimum choice for research into beer 
filtration. Other workers in this area have shown that ceramic or organic membranes 
are more suitable. The possible way forward, may be through the adoption of metal 
membranes enabling easy cleaning through the ashing of fouling components, and 
their subsequent removal through rinsing. It is concluded that a more suitable 
membrane will allow investigations to be conducted at the correct component 
concentrations.
However, the choice of model components was found to be adequate for the 
purpose of this work. Further work could involve the evaluation of the glucose 
component within the model beer. If this research was continued, additional 
components such as yeast, polyphenols and even beta glucans should be ineluded in 
this study, as these are all considered as important sources of beer foulants.
To produce a clearer picture of where the components are in the experimental 
system, it would be proposed that the easiest method of tracing individual substances 
would be through the use of radio labelling. The levels of tritium labelled glucose
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and dextrin could be assessed both in the retentate loop and the permeate, allowing a 
mass balance to be used to calculate the relative amounts fouling the membrane 
(Jones 2000). This method would provide a very sensitive record of carbohydrate 
distribution for any time during the experiment.
Better visualisation would help in the identification of the processes leading 
to membrane fouling. This would involve more detailed studies using a SEM and 
real time fouling identification with in situ endoscope technology.
Through the use of protein antibody labelling, colloidal gold could be 
attached to the protein molecules. This would help to differentiate them from the 
other fouling components and enable identification and quantification using a SEM. 
Through the use of different time frames an assessment into the methods of fouling 
and their surface distribution could be conducted.
The use of a high magnification endoscope / horoscope would allow 
penetration into the filter tube, then to record using a high-speed camera the 
deposition of fouling as it occurred on the membrane surface. This could be achieved 
through the use of a rig similar design to that shown in Figure 3.6. It would allow 
real time images to be produced without creating too much artificial disturbance to 
the system.
In-pore or internal fouling is also of interest as this may occur as a precursor 
to surface fouling or act as a simultaneous fouling mechanism. Through the use of 
an atomic force microscope (AFM) it could be possible to enable the visualisation of 
a single pore, both before and after a filtration run. This would allow investigation 
into whether fouling has occurred on the inside surface of the pore. The technique 
would be particularly useful if conducted over a set of increasing experimental time 
periods. The technique of AFM could also allow research to be conducted into the 
areas of adhesion forces. This could be used to appraise the adhesive forces between 
the experimental solutions and the membrane or even the component — component 
interaction. Such work would give further insights into the fouling processes and 
mechanisms undergoing both in and on the membrane surface.
The use of a model system is still a valuable procedure, especially when 
dealing with an unpredictable complex solutions such as beer. It allows the 
identification of potential fouling mechanisms that can then be looked for in beer 
fouling. This would be a financially viable exercise as the results would be
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applicable over different membrane types and indeed other beverage systems using 
crossflow filtration methods.
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Chapter 7: Visualisation Figures.
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Figure 7.1: A SEM visualisation of a clean 0.45 jim Carbosep membrane.
Figure 7.2: A SEM side view of the Carbosep membrane.
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Figure 7.3: Light microscope latitudinal cross section of the membrane.
Scale for the light microscope image. The gap 
between the two pointers is 10 pm.
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Figure 7.4: A SEM image of beer adsorption after 300 seconds.
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Figure 7.5: A SEM image of beer adsorption after 2400 seconds.
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Figure 7.6: A SEM image of 1:10 beer adsorption after 300 seconds.
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Figure 7.7: A SEM image of 1:10 beer adsorption after 2400 seconds.
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Figure 7.8: A SEM image of model beer adsorption after 300 seconds.
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Figure 7.9: A SEM image of model beer adsorption after 2400 seconds.
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Figure 7.10: A SEM image of the membrane after the cross flow filtration of beer for 300 
seconds at a crossflow velocity of 1.2 m s'% and transmembrane pressure of 0.5 bar.
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Figure 7 .11: A  SEM image o f  the membrane after the cross flow  filtration o f  beer for 2400
seconds at a crossflow velocity o f  1.2 m s'', and transmembrane pressure o f  0.5 bar.
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Figure 7.12: A SEM image of the membrane after the cross flow filtration of 1:10 beer for 300 
seconds at a crossflow velocity of 1.2 m s'', and transmembrane pressure of 0.5 bar.
u
'
r f ÿ " :
w''*
25-MAÏ-00 000045 «DlStnm 15. OkV x9. Ok
Figure 7 .13: A  SEM image o f  the membrane after the cross flow  filtration o f  1:10 beer for
2400 seconds at a crossflow  velocity o f  1.2 m s'', and transmembrane pressure o f  0.5 bar.
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Figure 7.14: A SEM image of the membrane after the cross flow filtration of model beer for 
300 seconds at a crossflow velocity of 1.2 m s'', and transmembrane pressure of 0.5 bar.
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F igure 7.15: A SEM image o f  the membrane after the cross flow  filtration o f  m odel beer for
2400 seconds at a crossflow velocity o f  1.2 m s'', and transmembrane pressure o f  0.5 bar.
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Figure 7.16: An SEM of the membrane after the cross flow filtration of model beer for 30 
seconds at a crossflow velocity of 1.48 m s'% and transmembrane pressure of 0.5 bar.
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Figure 7.17: A SEM o f  the membrane after the cross flow  filtration o f  model beer for 60
seconds at a crossflow  velocity o f  1.48 m s'', and transmembrane pressure o f  0.5 bar.
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Figure 7.18: A SEM of the membrane after the cross flow filtration of model beer for 300 
seconds at a crossflow velocity of 1.48 m s‘‘, and transmembrane pressure of 0.5 bar.
F igure 7 .19: A  SEM o f  the membrane after the cross flow  filtration o f  dextrin for 120 seconds
at a crossflow velocity o f  1.48 m s'', and transmembrane pressure o f  0.5 bar.
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Figure 7.20: A SEM of the membrane after the cross flow filtration of dextrin for 120 seconds 
at a crossflow velocity of 1.48 m s ', and transmembrane pressure of 0.5 bar.
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F igure 7 .21: A  SEM o f  membrane after the cross flow  filtration o f  dextrin for 1200 seconds at
a crossflow velocity o f  1.48 m s'', and transmembrane pressure o f  0.5 bar.
Figure 7.22: A SEM of the membrane after the cross flow filtration of dextrin for 1200 seconds 
at a crossflow velocity of 1.48 m s'% and transmembrane pressure of 0.5 bar.
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Figure 7.23: A SEM of membrane after the cross flow filtration of dextrin for 7200 seconds at 
a crossflow velocity of 1.48 m s'', and transmembrane pressure of 0.5 bar.
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Figure 7.24: A SEM of membrane after the cross flow filtration of dextrin for 7200 seconds at 
a crossflow velocity of 1.48 m s'% and transmembrane pressure of 0.5 bar.
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Appendix 1
Appendix 1. Constant pressure blocking laws.
The constant pressure blocking laws are a series of fouling circumstances 
mathematically derived as models to explain the behaviour of particles as they arrive 
at a dead, end semi-permeable membrane (Hermia 1982). These laws can also be 
applied to crossflow filtration (Singh 1996, Bowen 1995a) provided that there is a 
constant solute back transport rate from the membrane into the bulk stream at a 
stable crossflow velocity (Singh 1996). The established equation is adjusted by the 
addition of a steady - state flux. There are four specific models postulated as being 
valid for membrane fouling. These are defined as (Jowitt 1997, Bowen 1995a).
• The complete blocking law, (pore blocking)
• The intermediate blocking law, (long term adsorption)
• The standard blocking law, (direct adsorption) and
• The cake filtration law. (boundary layer resistance)
The general pattern for a flux decline curve, (see Figure 2.2) is an initial rapid 
flux decline which then settles into an asymptotic flux. This is a flux pattern that is 
not replicated by any one of the constant pressure blocking laws when used in 
isolation indicating that a single law cannot be used to describe filtration fouling 
behaviour over long periods of time (Iritani 1995).
Each of the pressure blocking laws was derived using a specific assumption 
definitive to that law alone. See Figure App 1. for a schematic illustration of the 
laws.
The complete blocking filtration law assumes that each particle reaching the 
membrane participates in the blocking phenomenon by pore sealing, with the 
assumption that particles can not be superimposed one upon another (Hermia 1982).
The intermediate blocking filtration law assumes that when a solid particle 
reaches an open pore it will seal it, with additional particles being allowed to settle 
on the original pore blocking particles (Hermia 1982).
The standard blocking filtration law assumes that the pore volume decreases 
proportionally to permeate volume by particle deposition occurring on the pore walls 
(Hermia 1982).
The cake filtration law defines the filter resistance Rt (m'Vs) which is 
composed of the membrane resistance Ro (m"^) and the cake resistance.
Rt = Ro + ot W/A (Eq.2.1)
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Where a  the cake specific resistance (m/Kg), W the Cake Mass (Kg), and A the filter 
membrane surface area (m^) (Hermia 1982).
The constant pressure blocking laws differ from concentration polarisation 
because the associated mechanisms relates only to the mechanical fouling of particles 
with the membrane (Hlavacek 1993) with the level of interaction defined with 
individual pores instead of over the large sections of membrane.
At the start of filtration with a clean membrane, the only resistance 
encountered by the flow is that of the membrane. In a particulate system, any 
particles unable to pass through the membrane will begin to accumulate and start to 
form a cake layer. As the cake layer grows the permeate flux will decrease. This 
layer growth is shear rate limited, resulting from equilibrium being reached, 
balancing the convection rate with removal of particles from the surface (Belfort 
1994). Crossflow filtration creates a more open, permeable deposit which has a 
tendency to easily deform under increasing pressure (Yazen 1995).
XIX
Appendix 1
Figure App 1.1:
Diagrammatical Representation of the Constant Pressure Blocking Laws.
Schematic diagram of the constant 
pressure blocking law.
In crossflow filtration
•^ v W “  (0)2.-At
Schematic diagram of intermediate 
blocking law.
In crossflow filtration
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Schematic diagram of the standard 
blocking law 
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Schematic diagram of the cake 
formation law.
In crossflow filtration
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Appendix 1
The constant pressure blocking law overlaid over the flux decline data of model beer.
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Figure App 1.2. The flux decline of model beer, transmembrane pressure 
of 0.2 bar, and crossflow velocity 1.48 m s '\
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Figure App 1.3. The flux decline of model beer, transmembrane pressure
of 0.5 bar, and crossflow velocity 1.48 m s"\
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Figure App 1.4. The flux decline of model beer, transmembrane pressure 
of 2.5 bar, and crossflow velocity 1.48 m s"\
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Figure App 1.5. The flux decline of model beer, transmembrane pressure
of 0.5 bar, and crossflow velocity 0.71 m s '\
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Figure App 1.6. The flux decline of model beer, transmembrane pressure 
of 0.5 bar, and crossflow velocity 1.48 m s '\
150
100
!  i
§  50
♦  Flux 
-m— Complete 
Standard 
-X— Intermediate
0 5 0 0  1000  1500  2 0 0 0  2 5 0 0  3 0 0 0
Time (Seconds)
Figure App 1.7. The flux decline of model beer, transmembrane pressure
of 0.5 bar, and crossflow velocity 2.38 m
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Figure App 1.8. The flux decline of dextrin transmembrane pressure 
of 0.5 bar, and crossflow velocity 1.48 m s"\
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Appendix 2. Calibration curves.
App 2.1. Protein calibration curve
Modified Lowry Protein Assay (M. Caslake, March 1989)
References: Lowry, OW. et al (1951) Journal Biol. Chem 193 pages 265 -  75
Reagents 
Stock reagents
1 ) Solution A 2% NaiCO] in 0.1 NaOH (w/v)
2) Solution B 2% NaK Tartrate (w/v)
3) Solution C 1 % CuS04 (w/v)
4) Folin Ciocalteu Reagent
Working reagents
1) Biuret reagent: 100 ml solution A, 1 ml each of solution B and C
2) Folin Ciocalteu reagent: dilute stock Folin 1:1 with deionised water.
Standards
A calibration curve to assess model beer protein levels working in the range from 
0 - 500 mg L'^ of protein was prepared by diluting model beer samples with 
deionised water.
Qualitv Control
Standard curves were prepared for BSA, model beer and acidified model beer to 
determine the effects of the model beer components on the assay.
Method
1) To 800pl of water and sample, add 4 ml of Biuret reagent.
2) Vortex and stand for 10 minutes.
3) Add 400pl of Folin Ciocalteu reagent with immediate mixing.
4) Stand for 30 minutes.
5) Read optical density in a spectrophotometer at a wavelength of 750nm within 
2 hours.
Three calibration curves were produced as follows;
1) Pure BSA over the experimental range (0 -  500 mg L"^),
2) The BSA in the model beer at a pH of 6.6 (0 -  500 mg
3) The BSA in the model beer at a pH of 4.8 (0 -  500 mg L“ )^.
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Figure App 2.1. Protein Calibration Curves.
The three calibration curves produced very good replication of adsorption 
values at the wavelength of 750 nm in the spectrometer. This can be seen in Figure 
App 2.1 and Table App 2.1. At 500 mg L'^ the pure BSA and the model beer protein 
curves are not in agreement, with an error of 9% being observable. The curve used 
to read off the model experimental results depended on the working pH of the 
solution.
Table App 2.1. Protein adsorption at 750 nm.
Pure BSA. model beer pH 6.6 model beer pH 4.8
mg L'^
0 0 0 0
50 0.1841
62.5 0.185 0.23
125 0.3114 0.3415 0.334
250 0.5854 0.6024 0.6198
375 0.845 0.845 0.8556
500 1.005 1.0845 1.0985
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App 2.2. Dextrin calibration curve.
Dextrin Concentration mg L'
Figure App 2.2. Dextrin calibration curve.
To enable the model beer samples (pH 4.8) to be read against the calibration 
curve in Figure App 2.2. they were diluted by a factor of 1:10 and then coloured by
the addition of Lugol Solution.
App 2.3. Glucose calibration curve.
Glucose Concentration g dL
Figure App 2.3. Glucose calibration curve.
To enable the glucose samples to read against the calibration curve in Figure 
App 2.3. Glucose (Trinder) was added to the sample.
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Appendix 3. Quantification of dextrin.
A selection of methods was investigated in an attempt to quantify the 
concentration of dextrin present within a model beer solution. At this time it was not 
possible to remove the dextrin that was present on or in the membrane for further 
quantitative analysis. Removal of the dextrin by sonication of the membrane was 
attempted, but aborted, as it proved detrimental to the membrane integrity, thereby 
preventing the important reuse of the membrane. This appendix covers the two 
methods that were unsuccessful. The assessment was complicated by the fact that the 
model beer included glucose as one of its constituents. It was planned that the initial 
glucose should be quantified first and then subtracted from the total glucose 
produced at the end of the testing. This method however, was innately more prone to 
errors.
App 3.1. Acid hydrolysis results.
To quantify the concentration of dextrin present in each fraction of the 
experimental solution, the collected samples underwent acid hydrolysis, as defined in 
Chapter 3. The glucose levels were measured in the hydrolysed samples of the 
original solution, and the permeate and retentate samples taken after 7200 seconds 
This was to have indicated the relative levels of dextrin originally present. The 
experimental results are presented in Table App 3.1.
Table App 3.1. A mass balance for dextrin experiment hydrolysis to glucose.
Solution Concentration Correction Concentration Correction Correction Mass
mg/dL -27 mM *8 (dilution) Volume (L) mM
Model beer (original) 54.5 26.5 1.47 11.76 3.000 35.28
Retentate 52.7 25.7 1.43 11.44 2.489 28.58
Permeate 49.8 22.8 1.27 10.16 0.502 5.10
Missing (mM) 1.6
-27 Correction for hydrolysis mixture adsorption (-27 mg dL'^)
*8 Correction for hydrolysis dilution.
Volume corrections to give results in mM of solution present 
There was however, an error in the amount of glucose obtained from the 
original solution. The amount of glucose expected is laid as follows.
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MW Dextrin 63000 63000 =386 units of glucose
MW Glucose (less OH molecule) 163 163
0.6 grams 0.6 * 386 =3.6mM. (Eq Ap 3.1)
63000
The amount of glucose quantified in the testing of the model beer original 
sample of 600 mg L  ^ of dextrin was found to be nearly ten times the expected value 
of 3.6 mM.
App 3.2. Acid hydrolysis discussion.
The experimental results illustrated in Table App 3.1 came from a model beer 
filtration experiment run under the conditions of a crossflow velocity of 1.48 m s'  ^
and a transmembrane pressure of 0.5 bar with a duration of 2 hours. Table App 3.1 
showed a small transmission of the glucose when compared to the model beer 
original sample. This indicated that the passage of dextrin through the membrane was 
obstructed either through fouling and / or retention of material in proximity to the 
membrane. This fact was reinforced by the high concentration of hydrolysed glucose 
in the retentate, indicating that the dextrin was being concentrated in the retentate 
after being rejected by the membrane as a result of the membrane pores being 
blocked, the fouling layer becoming consolidated or simply due to de-watering of the 
retentate solution.
It was possible however to attempt to predict the dextrin quantity associated 
with the fouling of the membrane through manipulation of the data, although the 
accuracy of such a method is questionable for several reasons. To allow 
quantification required the dextrin to be hydrolysed and reduced to glucose. However 
errors occurred, as the existing glucose can be lost during hydrolysis. These 
conclusions were verified by the hydrolysis of a known quantity of glucose, which 
resulted in a reduction in concentration of approximately 75 % of a pure glucose 
solution. This loss therefore reduced the chances of accurately quantifying the 
hydrolysed dextrin as glucose recovery.
The glucose (Trinder) assay was designed for the physiological testing of 
glucose levels and may be unsuitable for this type of application. This evidence was 
compounded by the fact that hydrolysis and subsequent neutralisation produces salts 
which may affect results, although it was predicted by mathematical workings that 
this would not be the case. It has already been concluded that the neutralised
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hydrolysis solution was detectable by the Trinder test, hence the need to subtract 27 
mg dr* from the mass balance equation in Table App 3.1.
The other possible source of error may be within the mathematical calculation 
used to predict the concentration of glucose expected from dextrin decomposition. 
This was very relevant especially as the molecular weight for dextrin falls within the 
range of 60,000 -  70,000 g L‘* together with some values outside these endpoints. 
The supplier concluded that the average molecular weight for the experimental 
dextrin was 63,000 Daltons (Sigma 1999).
In the filtration samples, the permeate contained 13.3 % of the total glucose 
available from the original, while the majority of 78.8 % was retained in the 
retentate. From Table App 3.1, it is evident that 1.3 mM of the original concentration 
is absent from the samples possibly having been retained on / by the membrane.
However, from Equation App 3.1 the amount of glucose quantified in the 
testing of the model beer original sample was found to be nearly tenfold the expected 
value, rather than the predicted value of 3.6 mM.
Although this method showed suitable trends, the procedure and more 
importantly the accuracy was very questionable. It was therefore decided that this 
method should be abandoned in favour of a simpler and more accurate technique.
App 3.3. Enzymatic digestion results.
In an attempt to hydrolyse the structure of dextrin to glucose, the enzyme 
AMG 300L (Novo) was used. AMG 300 L is an exo — 1,4 a  D-glucosidase obtained 
from Aspergillus niger.
To assess the efficiency of AMG 300 L for the purpose of hydrolysis, the 
efficiency of the enzyme was originally tested against maltose. After a period of 10 
minutes at a temperature of approximately 30°C using 2 AGU, maltose underwent 
almost total hydrolysis to glucose in 10 minutes. However when applied to a 
concentration of 600 mg L'* dextrin, the results were disappointing, see Table 
App3.2.
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Table App 3.2. Enzymatic hydrolysis of dextrin.
Time hydrolysis solution analysed Glucose Concentration (mM)
10 minutes 0.149
15 minutes 0.244
120 minutes 0.400
250 minutes 0.838
The enzyme failed to produce the concentration of glueose expected from the 
hydrolysis of a 600 mg L'* sample of dextrin which was calculated as 3.6 mM.
App 3.4. Enzymatic digestion discussion.
The enzyme used to degrade the dextrin was AMG 300 L. This is an exo -  
1,4 a  D-glucosidase obtained from Aspergillus niger. This enzyme had the activity 
of one Amyloglucosidase unit (AGU). One AGU was defined as the amount of 
enzyme which hydrolyses 1 micromolecule of maltose per minute under standard 
conditions (Novo). Amyloglucosidase is the main component in any basic starch 
analysis kit (Megazyme 2000) and as this enzyme hydrolyses 1,4 and 1,6 a  linkages 
in liquified starch, it was considered suitable for the purpose o f dextrin 
quantification.
In its original form, the concentration of the enzyme could be varied to 
optimise the efficiency of the reaction, together with the parameters o f experimental 
temperature and pH.
The initial experiment conducted with maltose showed very favourable 
results with near complete hydrolysis occurring in 10 minutes. The results with 
dextrin were not so successful, with a failure to produce even 1 mM of glucose from 
a known concentration of dextrin even within a time period of 250 minutes.
It is possible that the enzyme could not hydrolyse all the linkages as the rate 
of hydrolysis depended on the type of link, 1 -4  links are more readily hydrolysed 
than 1-6 links, as well as on the chain length. However, the increase of enzyme units 
to 5 AGU from 2 AGU in the experimental trials caused a gel to form in the test tube 
on heating of the dextrin enzyme mixture. The gelling of the dextrin solution 
rendered the sample useless for glucose quantification. It was decided that this 
method of quantification produced limit dextrins which could not be broken down 
any further, thus causing inaccurate answers when relating total glucose derived from 
dextrin break down. Had this method been successful, samples of the original
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solution, together with samples of the retentate and permeate samples would have 
been tested and the missing quantity deduced to be fouling on or within the 
membrane structure.
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Appendix 4. Clean water.
App 4.1. Determination of the clean water flux for a range of crossflow  
velocities.
Crossflow filtration experiments were conducted with clean water to ascertain 
the potential permeate flux levels. This testing was also used to assess whether the 
membranes demonstrated the trends associated with the parameter variations of 
crossflow velocity and transmembrane pressure experienced by Lake (1996). To test 
the performance of the experimental 0.45 pm Carbosep membranes, clean water 
fluxes were tested over the conditions of varying crossflow velocity and 
transmembrane pressure. The temperature remained constant at 20 °C ± 1 °C.
To test the effects of varying crossflow velocity, experiments were conducted 
over the range of 0.77 — 2.38 m s * thereby producing turbulent flow over the range 
corresponding to the Reynolds numbers of 4589 and 14106 respectively. The 3.4 bar 
pressure tolerance of the rig dictated the maximum crossflow velocity. The results 
displayed in Figure App 4.1 show the data distribution for clean water flux after a 
period of 5 minutes for varying crossflow velocities with a transmembrane pressure 
of 0.4 and 0.5 bar with an arbitrary five percent error margin.
300 1
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_j 
X
I  100 
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0
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Crossflow Velocity (m s'^)
^  0.5 bar
mo.4 bar
2.5
Figure App 4.1. Clean water flux with varying crossflow velocity.
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An increase in crossflow velocity was accompanied by an increase in the 
working pressure of the system. This was shown in Table App 4.1.
Table App 4.1. The pressure readings for clean water with transmembrane
pressure of 0.5 bar.
Velocity Flux PI P2 Pressure Drop P3
m s'^ 1 m'^  hr'^ bar bar bar bar
0 211 1.06 1.05 0.01 0.58
0.77 264 0.75 0.67 0.08 0.14
1.07 254 1.30 1.20 0.10 0.70
1.31 278 1.98 1.80 0.18 1.27
1.57 211 2.90 2.60 0.30 2.20
1.78 149 1.05 0.66 0.39 0.31
2.02 170 1.30 0.87 0.43 0.51
PI was the pressure before the membrane, P2 the pressure after the 
membrane and P3 the pressure on the permeate side of the membrane.
In Table App 4.1. the PI and P2 pressures were reduced after the velocity of 
1.57 m s * was reached, because the rig could only tolerate pressures up to 3.4 bar 
without the pressure relief value releasing. This situation was remedied by opening 
the needle valve on the retentate line wider to decrease the overall pressures in the 
rig, as seen in Figure App 4.2.
Membrane cham ber
PI r
R eten tate  
valve
PS
Perm eate  
valve
Figure App 4.2. Location of the rig control valves.
It is possible that the alteration of the system working pressure may have 
affected the flux values, however the decline in flux experienced by the high
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crossflow velocities of 1.78 and 2.02 m s'* may merely result from the larger axial 
pressure drop occurring over the membrane length.
This meant that there were two parameters being altered during these 
experiments instead of the intended sole parameter of crossflow velocity. This could 
have been rectified through the use of a fixed pressure pump.
The pressure drop over the length of the membrane increases with crossflow 
velocity, as seen with the clean water results produced under the transmembrane 
conditions of 0.5 bar shown in Figure App 4.3.
Crossflow velocity (m s )
Figure App 4.3. Pressure drop versus crossflow velocity for clean water with 
transmembrane pressure of 0.5 bar
In Figure App 4.1 it can be seen that the maximum flux for a transmembrane 
pressure of 0.5 bar was reached at 1.31 m s'*. All further increases in velocity 
resulted in a lower steady - state flux under identical conditions. These experimental 
results can be partially explained by the Bernoulli equation seen in equation App 4.1. 
for incompressible flow.
^ Pw
—  + — + gz = const. 
2
(Eq.App 4.1)
Where u is mean velocity, P is pressure, p is density of the fluid, g is 
acceleration due to gravity and z is the distance in the vertical direction.
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The increase in velocity over the membrane length caused an increase in 
pressure drop between PI and P2. This was because the energy o f the liquid changed 
over the membrane length as pressure energy was sacrificed for the maintenance of 
the kinetic energy, together with the loss of energy, fluid and materials across the 
membrane as flux. This is the reason that explains why the Bernoulli equation is only 
partially responsible for the flux results. Instead of the flow being through a solid 
pipe, it flows through a permeable pipe (the membrane) through which flux occurs 
disrupting the balance of the aforementioned equations. Further investigation into 
this area was not relevant to this research at this time.
The reduction in clean water flux with increasing velocity has been observed 
in duplicate tests at 0.4 bar (see Figure App 4.1.). These results however, were in 
contrast to that of Lake (1996) who showed that the flux of clean water at a 
transmembrane pressure of 0.2 bar was independent of the Reynolds number. 
Although run at a lower transmembrane pressure, if  the results were complimentary, 
the results shown here would be expected to show the same consistently linear flux 
over the varying crossflow velocities (Reynolds numbers) see Figure App 4.4.
300
0.5 bar 
0.4 bar 
0.2 bar
250
X
V 200
E 150
E 100
2000 4000 6000 8000 10000 12000 14000
Reynolds Number
Figure App 4.4. The comparison of clean water flux values with varying
Reynolds number.
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This present work, although conducted with the same membrane type, was 
carried out with more precise instrumentation with the margin of error in flux 
recording being less than five percent compared to the 15 percent error produced by 
Lake. Furthermore, the present work comprises a larger number of data points 
compared to that of Lake.
App 4.2. Determination of the clean water flux for a range of  
transmembrane pressures.
The parameter of transmembrane pressure was tested using clean water to 
assess the effect of pressure variation from 0.15 to 2.0 bar transmembrane pressure. 
Theoretically, increasing the transmembrane pressure will generate a greater driving 
force, producing a larger flux. This was found to be the case in Figure App 4.5. with 
the working velocity of 1.48 m s'  ^ and constant operating pressures.
600
500
400
300
Ê 200
100
0.5
Transmembrane Pressure (Bar)
Figure App 4.5. Clean water flux with varying transmembrane pressure and a 
constant crossflow velocity of 1.48 m s '\
A linear regression line was plotted on the graph in an attempt to show that 
the data follow this established pattern. This technique has been applied to industrial 
membrane processes to allow the production of a constant permeate flux level or to
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produce larger flux levels with fouled membranes by applying pressure ramping, 
(O’Shaughnessy 1997).
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Appendix 5 Mass Balance
Crossflow velocity 1.48 m s \  transmembrane pressure 0.5 bar Experiment A  
Nomenclature for quantification
s Sample
M Missing (Fouling)
F Feed
R Retentate
P Perm eate
T Total
V Volume
w W eight
c Corrected against standard
D Dextrin
BSA Bovine Serum Albumin
G Glucose
L Litres
ml Millilitres
mg Milligrams
obs Spectrophotometer reading
c Concentration
V Volumetrically corrected
Va Volum e accumulated
t Tim e
res Volume of m em brane cham ber and pipe
f Final
a Accumulated
Duplicate experiments were conducted for;
with a constant crossflow of 1.48 m s'^
0.2, 0.5 and 2.5 bar with a constant transm embrane pressure of 0.5 bar
0.78, 1.48, and 2.38 m s-1
Only one example is shown 
Crossflow 1.48 m s'”' 
Transm em brane pressure 0.5 bar
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Appendix 6
Appendix 6. The effect of shear on dextrin and 
protein.
The purpose of these experiments was to assess the effects of constant re­
circulation of a model beer. This would enable the effects of hydrodynamic shear on 
the macromolecules to be clearly distinguished from the effects associated with 
filtration. To this end the membrane was replaced by a 20 cm length of stainless steel 
pipe. The model beer was placed in the temperature regulated reservoir and the pump 
turned on to move the fluid around the rig. Samples of the model beer were taken at 
regular intervals to asses the concentration of the key components dextrin and 
protein. The samples were quantified using the standard method outline in Chapter 3. 
The experimental results for dextrin in model beer can be seen in Figure App 6.1
CD
E
c
o
c
sc
oCJ
X(UQ
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:: * Dextrin A 
m Dextrin B
1000 2000 3000  
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4000
Figure App 6.1. Dextrin re-circulation experiment.
This showed that from the initial sample there is a large drop in dextrin 
concentration, a minimum of 53.8 mg L'^ within the first minute. This sudden drop 
can only be explained by adsorption over the internal surface o f the rig. Towards the 
end of the experimental duration the dextrin concentration increases slightly. Perhaps 
caused by the complex dextrin structure breaking down. However the small 
variations observed suggest this may not be a point of major significance.
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The results for the model beer protein re-eirculation experiment are shown in 
Figure App 6.2.
500
c 450
c 400
,g 350 Protein A 
Protein B
300
1000 2000 3000 4000
Time (Seconds)
Figure App 6.2. Protein re-circulation experiment.
In Figure App 6.2. it can be seen that the protein concentration decreased 
with time. Adsorption would not seem to play such a major role as no large initial 
drop (in excess of 50 mg L'^) are seen. This may indicate that the carbohydrate is the 
dominant foulant in the solution.
One of the obvious points noticeable in the graph is that the starting 
concentration of the proteins does not exceed 500 mg L '\  The possible explanations 
for this include the fact that the initial protein concentration weighed out on a 2 
decimal place balance (Ohause, Brainweighf^*^ B3000D) - in view of the 
reproducibility of standard curves is unlikely. There is also the possibility that the 
protein has not suitably been solubilised prior to the removal o f the initial model beer 
sample, therefore does not read the correct concentration, again this is unlikely. 
Apart from adsorption it is not possible to give an explanation for this discrepancy. 
The acidification of the model beer does not pose serious implication for the protein 
content as can be seen from the various protein calibration curves in Appendix 2.
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Appendix 7. Error analysis.
The analytical data for components assessment was conducted once. This 
means that the only errors that can be applied to these data points are individual 
determinate errors.
The point value estimates were experimentally determined and written as
(Eq. App 7.1)
where, xtest is the best estimate of the individual point and &c is the probable error 
associated with the point.
These individual errors are propagated to produce the final value. The main 
errors associated with this work originates from the readings against the calibration 
curve of the components and volumetric errors, as seen in equation App 7.2.
dq = " 6 ( E C ) 2 +
6E
0.5
(Eq App 7.2)
Dextrin error analysis. The above equation is applied to all the time samples 
gathered.
Where ôV is the error calculated from the volume (0.001 L'^)
ÔC is the error calculated from the calibration curve (0.003 mg L'^)
V is the volume in the rig at a sample time (L'^)
C is the concentration of the solution at a sample time (mg)
Protein error analysis
Where 6V is the error calculated from the volume (0.001 L'^)
ÔC is the error calculated from the calibration curve (0.0023 mg L'^)
The ÔV is overestimated by 0.001 L '\  but still produces a low total error 
figure. The largest error in the experimental data was applied as the error to the final 
results. As this figure was lower than 1 mg for all experiments it was decided not to 
apply error bars to the data, see Table App 7.1.
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Table App 7.1. Experimental Error Results.
Dextrin error In mg Protein error in mg
Feed Retentate Permeate Fouling Feed Retentate Perm eate Fouling
0.45 0.005 0.005 0.1 0.35 0.004 0.005 0.06
0.45 0.006 0.01 0.01 0.35 0.01 0.005 0.03
0.36 0.014 0.007 0.01 0.45 0.004 0.004 0.01
0.4 0.003 0.09 0.05 0.38 0.01 0.004 0.03
0.45 0.006 0.01 0.01 0.35 0.01 0.005 0.03
0.48 0.005 0.007 0.028 0.4 0.004 0.005 0.03
The errors on the concentration and mass data were calculated as errors 
percentage based on the 2 originals sets of results data and the average.
U N IVER SITY OF SURREY LIBRARY
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